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1.0 ItoODUCTION 

1*1 Purpose 

This document tepotts the final results of the sensor performance evalu- 
ation for the multispectral scanner (^192) of the Skylab Earth Resources 
Experiment Package (EREP) and is based on data and evaluations reported in the 
intetitn performance evaluation report (i4SC-05528, Volume 111, dated 
September 6, 1974). 

1.2 Scope 

This documetit summarizes the results of S192 sensor performance evaluation 
based on data presented by all contributors (Martin Marietta Corporation, the 
Environmental Research Institute of Michigan, and the Science and Applications 
Directorate of the lyndon B. Johnson Space Center) to the sensor performance 
evaluation Interim reports, provides the result of additional analyses of 
S192 performance, and describes technicjues used in sensor performance evalu- 
ation (Appendix A) . The summarization Includes significant performance 
changes identified during the Skylab missions, S192 and EREP system anomalies 
that affected S192 performance, and the performance achieved, in terras of 
pertinent S192 parameters. The additional analyses Include final performance 
analyses completed after submittal of the SL4 interim sensor performance 
evaluation reports, including completion of detailed analyses of basic perform- 
aUce parameters initiated during the interim report periods and consolidation 
analyses to reduce Independent mission data (SL2, SL3, and SL4) to determine 
overall performance realized during all three Skylab missions. 

1.3 Usage Guide 

The basic task outline for the EREP sensor performance evaluation was 
specified EREP Mission Data Evaluation Requirements , JSC-05529, August 31, 

1973- The results of these evaluations were subsequently reported in kEC-05528, 
Earth Resources Experiment Package, Sensor Performance Report , Volumes I 
through VII, as follows i 


Volume 1 (S190A) 

Multispectral Photographic Camera 

Volume 11 (S191) 

Infrared Spectrometer 

■Volume III (S192) 

Multispectral Scanner 

Volume IV (S193 R/S) 

Radiometet/Scatterometer 

Volume V (S193 Alt) 

Altimeter 

Volume VI (S194) 

L-Band Radiometer 

Volume VII (S190B) 

Earth Terrain Camera 
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These volumes were issued after prelamich testing at KSC and updated after 
each mission. The single exception is Volume VII (S190B) , which was origi- 
nally issued after SL3, with a single update after SL4. 

This document is based on the data and' analyses in the first six volumes 
of the sensor performance report, MSC-05528 (Volume VII, S190B, is not 
included). The same volume designation used for MSC-05528 has been retained 
for the individual sensor volumes, with the individual volumes bound in a 
single cover and identified as MSC-05546. The individual volumes are designed 
so they can be used independently of the 'full six-voliime report, if desired. 

1.4 Abstract 


A prelaunch and flight performance evaluation of the multispectral 
scanner (S192) has been made and a summarization is provided. The following 
aspects of S192 performance are among those discussed — absolute radiometric 
calibration, noise, system frequency response, and scan-related response. . 
The- primary performance problem was signal noise, especially in the thermal- 
band when -the Y-3 detector was in use. Final results regarding, achieved, 
performance, significant performance changes, and anomalies are presented. 

S192 accomplished its primary obj ective to simultaneously gather 
quantitive radiance values suitable for image reconstruction in 13 spectral 
bands . ' , 

Techniques used for sensor performance evaluation are described. 
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2.0 APPLICABLE DOCUMENTS 
MSC-05528 

MSC-0553I 

MSC-05537 

MSC-05543 


Earth Resources Experiment Package < Sensor 
Perfonnance Report , Volume III (S192), Engiueeriiig 
Baseline, SL2, SL3, and SL4 Evaluatioa ; Lyndon B. 
Johnson Space Centerj Houston, Texas, September 6, 
1974. 

Ground Truth Data for Test Sites (SL2) ; Lyndon B. 
Johnson Space Center, Houston, Texas, August 15, 
1974. 

Ground Truth Data for Test Sites (SL3) ; Lyndon B. 
Johnson Space Center, Houston, Texas, March 29, 
1974. 

Ground Truth Data for Test Sites (SL4) ; Lyndon B * 
Johnson Space Center, Houston, Texas, April 30, 
1974. 
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3.0 SUMMARY OF SENSOR PERFORMANCE EVALUATION INTERIM REPORT 

After preflight testing of EREP experiments at Kennedy Space Center and 
after each Skylab mission, raw data from preflight tests and each mission were 
reduced to provide performance data for each EREP sensor-. These data were 
presented by mission in interim sensor performance evaluation reports entitled 
EREP Sensor Performance Report (Engineering Baseline, SL2, SL3,- and SLA Eval- 
uation) , MSC-05528, Volumes I through VII. Pref light test data and selected 
qualification test data were the engineering baseline, and flight data were 
added after each Skylab mission. This section summarizes the sensor perfor- 
mance report, MSC-05528, Volume III (S192), Change 3, September 6, 1974, para- 
graph by paragraph. To provide traceability, applicable interim report para- 
graphs in the summary are referenced. 

3.1 Function/Limit Verification 


Analysis of sensor performance properly began with an evaluation of those 
parameters that indicated the relative "health" of the instrument. These were 
instrument oriented measurements with expected values or limits. Evaluation 
of the S192 multispectral scanner included verification of four such indica- 
tors of sensor operation — housekeeping values, calibration data status, data 
loss rate, and alignment history. The following paragraphs summarize the data 
analyzed with respect to these indicators during evaluation of the performance 
of the S192, during ground test, SL2, SL3, and SL4. The detailed evaluation 
is in Section 3 of MSC-05528, Volume III, dated September 6, 1974. 

3.1.1 Housekeeping Functions 

S192 housekeeping parameters were monitored throughout the prelaunch and 
orbital operations. All parameters indicated proper operation of the S192. 
Maximum and minimum values observed during these operations are summarized in 
Tables 3. 1.1-1 and 3. 1.1-2. 

Table 3. 1.1-1 summarized the operation of those parameters that were reg- 
ulated. These data indicate that, throughout testing and the Skylab missions, 
these parameters were controlled to within 0.3°K in temperature and less than 
1 milliampete Vatiatiotl Itl calibration lamp current. The cold blackbody tem- 
perature Was the only parameter to show a larger variation* and that was only 
l.S^K. 


Table 3.1il-2 aumtoatizes housekeeping temperatures that were not con- 
trolled. The In-f light range of values is divided into two columns. The first 
eol itmn gives the range of values that occurred during the first eight passes 
bf BL2. touting this tltlle, the Skylab wall heaters were hot used due to power 
toustralnts. The low wall temperatures caused Several sensor temperature to 
go below expected litilitSi The second Cdlumii summarizes the range of tempera- 
ture noted throughout the test of the St2j SL3, and SL4 missions. During this 
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TABLE 3. 1.1-1.- CONTROLLED HOUSEKEEPING FUNCTION SUMMARY 


PARAMETER 

DATA WORDS 

EXPECTED RANGE 

TEST RANGE 

IN-FLIGHT RANGE 

Hot Blackbody 

109 

318 - 322 “K 


Not applicable 

321 °K 

Temperature 

126 

318 - 322 “K 


in ambient 
conditions 

321 ■’K 

Cold Blackbody 

110 

258 - 262 "K 


Not applicable 

260.0 - 260.5 °K 

Temperature 

127 

258' - 262 "K 


in ambient 
conditions 

260.5 - 261.5 ”K 

100% Earth Cal 

111- 

.Cal 3 HI 0- 20 

mA 

0 mA 

* 

0 mA 

Lamp Current 


Cal 3 LO 180-220 

mA 

- 164 mA 

184- mA 

200% Earth Cal 

113 

Cal 3 LO' 0- 20 

iA 


* 



Cal 3 HI 180-220 

mA 

186 mA 

186 mA 

Detector Array 

114 

95®K 


94 “K 

94°K 

Temperature 







time, all temperatures were within expected limits, except for the door tem- 
perature and scan-motor temperature. The door temperature dropped below ex- 
pected limits only during lunar calibration passes, while -the scan-motor tem- 
perature exceeded expected limits during most passes. The scan motor's nominal 
operating temperature range was from 316 to 320 °K. This was hot considered an 
anomaly but an error in determining the expected operating temperature based . 
on theoretical fuiictioning of the heat pipe. 

|j 

3-1.2 Calibration Data Status 

Calibration data are the sensot outputs in counts when Viewing the calibra- 
tion sources inside the sensor. Table 3. 1.2-1 summarizes the maximum ahd min- 
imum mean values of the six calibration wotds from a few example data sets for 
each band in eight configurations. Where a range Of vdlUeS is not given, only 
one data set Was available. The output values given fot the automatic gain 
control bands (i.e., bands 4 through 13 without attenuation^ and. bands 6 and 
'9 through 13 With attenuator installed) are mean values of the six calibration 
words (which Vary ill count value due to the variation from Uniformity of the 
internal calibration source radiance) one or more' of which ate usually clipped 
at 255. The six calibration words vary ftom 255 because the tadiance of the 
internal calibration source is non-uniform and each of the six values iS taken 
from a different portion of the Source as the instantaneous field of View scans 
across it. The automatic gain control Systems attempt to make the value on the 
analog-to-digital converters either 254 or 2^5 after the sixth calibration 
Source Value has been sampled.' The last word is usually clipped at 255 and 
the fifth word is frequently 255 j hut the first font words are Seldom 255. The 
randomness is due to the noise ott the signals. 
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TABLE 3. 1.1-2.- UNCONTROLLED. HOUSEKEEPING FUNCTION SUMMARY 


1 - ■ 

IN-FbIGHX RAMS ^ 1 

PARAMETER 

DATA WORDS 


TEST RAHGE 



1 


(“K) 

(»K) 

■ESHH 


Primary Mirror 


289 - 311 

296 - 301 

286,0 - 292.0 

290.5 - 294.0 

Temperature 

msM 





Secondary-Mirror 

116 

289 - 309 

298 - 301 

286.5 - 292.0 

289.0 - 294.5 

Temperature 






As phe rlc -Mirror 

118 

288 - 312 

296 - 299 

236.0 - 292.0 

290.0 - 293.0 

Temperature 






Door Temperature 

119 

284 - 322 

297 - 300 

284.0 - 289.0 

279.5 - 289.5 

Scan-Motor 

120 

289 - 316 

304 - 306 

302.0 - 320.0 

300.0 - 324.0 

Temperature 






Cooler-Case 

121 

289 - 311 

304 - 306 

292.0 - 300.0 

298.0 - 303.5 

Temperature 






Intemal^Scanner 

122 

289 - 329 

305 - 307 

292.0 - 300.0 

300.0 - 304,5 

Assembly Temperature 



t 


- 

Monochromator 

123 

289 - 311 

299 - 307 

288.0 - 292.5 

293,0 - 298.0 

Temperature 






Digital-Electronics 

124 

289 - 329 

304 - 311 

*Less than 

*Less than 

Assembly Temperature 




304.5 

304.5 


* Temperature was usually less than 303.16'K, the Zero digital count output. 


table 3.1. 2-1.- CALIBRATION DATA STATUS 




SYSTEM SESrotiSk TO HIGH CAL 

ktiATioH soukck 

^Counts) 


Band 

Pr«; 





SIA 


With Attenuator 

Without Attenuator 

VLtH Attenuator 

Without Atttiiuatdr 



Y-3 

X-5 

1 

WA 

29.3 

32.7 - 40.8 


29.3 - 33,2 

23.0 - 32.1 

29.9 - 32.1 

BID 

2 

3848 

34.1 

32.8 - 39. B 


27.2 • 28.2 

27.2 - 33.8 

27.3 - 31.9 


D 

59.5 

b.4 

49.8 - 48.8 

4i.S 

44.6 - 45.6 

43.1 - 46.9 

42.2 - 49.6 

17.8 - 20.4 

H 

95.8 


72.6 - 39.5 

249.0 

03.4 - 83.0 

32.8 - ldl.5 

82.5 - 89.7 

246.5 - 247.3 

H 

102,9 

2Sl.i 

n.2 - 80.3 

2S0.2 

23.8 - 79.4 

153.3 - 168.4 

13o.8 - 140.3 

Inoperative 

& 

253.8 

253.4 

246.1 - 254.1 

284.2 

243.7 - 248.1 

245.9 - 247.2 

244.8 - 246.4 

250.0 - 252.5 

7 

159.9 

231.1 

137.1 - 148.3 

254.3 

192.0 - 156.3 

193.1 - 162.8 

183.5 - 204.5 

82.1 - 96.3 

8 

184.4 

2S3.0 

177.S - 185.1 

234.3 

172.3 - 125.3 

172.6 - 182.3 

l85.8 . 201.3 

252.4 - 254.9 

9 

253.6 

253.7 

293.1 - 293.3 

253.3 

246,8 - 243,2 

243.6 - 290.1 

247.9 - 249.7 

216.6 - 218.4 

10 

253. L 

253.3 

292.6 - 253.9 

2s4.9 

244.2 - 245,1 

244.2 . 246,4 

243.2 ■ 246.6 

Inoperaclve 

11 

254.4 

231.7 

234.6 - 254.‘8 

294. t( 

248.3 - 248,9 

247.9 - 148.8 

246.6 - 230.3 

253.0 - 254.2 

L2 

253.9 

291.4 

234,9 - 234.7 

294,8 

839.2 - 233.9 

236.2 - 54o.7 

236.4 - 241.4 

239.2 - 247.2 

13-1 

HA 


238,8 - 542,0 

24l,b 

242.0 - 242.7 

241.9 - 242.6 

241.5 - 243.0 

242,2 - 243,9 

13-2 

HA 

9A 

_ 293,1 - 29i.O 

293.8 

259.8 - 295.0 

293.0 - 299.8 

255.0 - 255.0 

255,0 - 255. 0 
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3.1.3 Bata Loss 

Data loss rate was evaluated by analysis of the frame sjmchronization pat” 
tern, and housekeeping data. The frame synchronization pattern was a-" fixed 
digital output in which errors could be detected. Housekeeping temperature 
data were evaluated for the percent of erroneous data presented. Due to the 
predictable nature of thermistor networks, anomalies were easily identified and 
a loss rate was determined. Since the synchronization patterns were inserted 
into the data stream at the output register of the S192 electronics assembly 
the data losses due to faulty synchronization patterns were almost certainly 
due to the data handling systems (probably in the Miller encoding/decoding 
operation or in reformatting) . The faulty housekeeping temperature words could 
have arisen at any point -in the data path — within S192 or without. 

Loss rates were determined for prelaunch, SL2, SL3, and SL4 data. For 
prelaunch data; the average loss rates were as high as 0.35%. The Sky lab data 
average loss rates varied from 0.001 to 0.01 percent. 

There were data losses certainly not atrlbutable to S192. As a result of 
inconsistencies in cleaning the tape recorder heads and the high temperature 
environment experienced by tapes launched on SLl, data were lost from bands 3 
and 11. Because both of these bands were doubly sampled, the data loss was 
minimized. These were most notable on SL4 passes 44, 47, 48, 49, and LC6. 

3.1.4 Alignment His tory 

The alignment of the detector array to the incoming radiation was a crew 
procedure. Voice transcripts of crew comments recorded while performing the . 
detector alignment verifications were reviewed to determine whether the proper 
alignment was achieved. During SL2, the cooler/ dewar/detector/preamplifler 
assembly was improperly mounted to the optical bench, causing difficulties in 
alignment. A good alignment was nof achieved until before pass 4. Alignments 
for the remainder of SL2 and during all of SL3 and SL4 were considered good. 

1 

3.2 Data Interference 


An analysis was performed to determine any effects of interference from 
external sources detectable in the S192 data. The basic approach used was to' 
evaluate S192 data taken while other EREP sensors and module systems were in 
various modes of operation. The data analyzed for comparison were the frame- 
S3mchronization pattern, detector output data taken of a uniform scene, and 
the noise characteristics of the data. 

Data from prelaunch testing and SL2 were analyzed in detail. The results 
Indicated that S192 data were hot susceptible to interference from potential 
sources in its operating environment. A detailed analysis was hot performed 
on data from SL3 and SL4; however, the results of the noise analysis (See 
Section 3.7.)' did not indicate the presence of interference. 

Details of the data interference analysis wete presented in Section 4 of 
MSC-05528, Volume III, September 6, 1974. 
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3.3 Response versus Scan-Angle Detemiinatlon 

S192 scan-related system response was determined using the techniques pre- 
sented in Sections III and IV of Appendix A of this volume. Detailed results 
are presented in Section 5 of MSC-05528, Volume III, September 6, 1974. 

3.3.1 Scan-Related Signal Offset Bands 1 through 12 

To determine S192 response as a function of scan angle, it was necessary 
to first determine the response to a zero radiance level as a function of scan 
angle, that is, signal offset. Using the technique described in Appendix A, 
Section III, the mean value was determined from clipped digital data values on 
a pixel-hy-pixel basis across the scan. Deep-space data from the lunar passes 
were used as an effective zero radiance input. Results from the six lunar 
passes performed during the Skylab missions indicated that the offsets were 
not constant. For five of the Ixanar passes, the offsets showed similar 
characteristics of shape. The other lunar passes yielded offsets with the 
same frequency characteristics but shifted in phase. Additionally, it was 
noted that, for a given lunar calibration, all bands had the -same shaped 
offset ftmction, with the major difference band-to-band being a larger 
amplitude for the fixed-gain bands than for the variable-gain bands. It 
was concluded that the offset was due to scan synchronous electrical pickup 
where the phase of the components varied. Examples of these characteristics 
are given in Section 4 of this volume. 

3.3.2 Scan-Related System Response Bands 1 through 12 

Scan-related system response was determined using the techniques described 
in Section IV of Appendix A. The response was evaluated for prelaunch and each 
of the three Skylab missions. 

3. 3. 2.1 Rrelaunch - Frelaunch testing was performed using the optical 
functional checkout unit as the external radiance source. This provided a 
''scene" known to be 'a uniform function of scan angle. The curves determined 
for scan-related system response were therefore the S192 response to a uniform 
input as a function of scan angle. Figured 3. 3.2-1 through 3. 3.2-6 present the 
normalized prelaunch curves for bands 1 through 12 as well as the flight re- 
sults. Band 13 could hot be determined before launch due to constraints on 
thermal band operation in a ground envitontaeht. Except for band 1, attenuator- 
in curves are shown for prelaunch results} however, as would be expected, in- 
sertion of the AttetiUato.r Assembly makes ho significant difference to scan- 
related system resporise. 
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3. 3., 2. 2 'Scan-Related System Response ' Band 1-12 

The prelaunch and flight results are given in Figures 3. 3. 2-1 through 


The extent to which the flight curves are in fact affected by scene de- 
tails is uncertain, so some subjective judgment is required in deciding whether 
significant changes have occurred. The undulations in many of the SL4/X5 re- 
sults are probably due to scene details but the X5 curves do appear signifi— > 
cantly changed from the Y3 results, particularly in the lower numbered bands. 
For Bands 4 through 8 the flight and prelaunch data tend to cluster about a 
connnon mean, though individual flight curves may look significantly different 
from their prelaunch counterparts. In Band 9 the flight curves slope down to 
the right a good deal more than do the prelaunch curves. The same effect 
occurs to a lesser extent for the SL2 and SL4/Y3 curves in Band 11. In addi- 
tion, the prelaunch curves for Band 9 are much flatter than for 7, 8 and 10, 
and it has been suggested that the Band 9 prelaunch curves contain an error. 

It is, however, difficult to see how such an error could have been introduced. 
The Band 1 flight curves appear much less arched and overall have a steeper 
slope Up to the tight than ptelaunch. This effect repeats to a reduced extent 
in Band 2 and perhaps, but hardly significantly, in Band 3. The SL4/X5 data 
are an exception in that the slope up to the right is 'continuous with only a 
little abatement thirough Band 3. For Bands lO, il and 12 'the SL2 and to a les- 
ser extent the SL4/Y3 data depart Increasingly ftom prelaunch, becoming more 
arched and steeper downwards at the right end. 

There seems little doubt that the scan angle effects have changed in some 
details from ptelaudch and throughout the missions* However, particularly for 
the middle bands, the evidence of change is not substantial and selection of 
the best description of these effects is a difficult and inevitably subj active 
ohe. 


It should also he remembered that each of the flight curves la formed by 
averaging 4 td 6 curves, each derived from individual scenes observed during 
the mission In question, thus when making a decision as to whether the flight 
results should be used in place of the ptelaunch cUtVeS, the spread of these 
individual curved was compared with the difference between their mean and the 
prelaunch curves. Complete details will be found in the individual evaluations 
for each mission, MSC-05528* 
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Pigure 3. 3. 2-2.- Scan tesponse (continued). 
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Figure 3. 3. 2-4.- Scan response (continued). 
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3.3.3 Scan Related Signal Offset and System Response - Band 13 

The response vs scan angle (R) and residual' effects (Z^) as defined in 

Appendix A, Section IV, are given in Figures 3. 3. 3-1 and 3. 3.3-2. Bands 13-1 
and 13-2 are equivalent but have different calibration source offsets and 
gains, so that 13-1 has an extended dynamic range. No prelaunch data are 
available for comparison. The results for the Y3 detector for the three mis- 
sions are quite similar, though as might be expected the results for the X5 
detector are significantly different. 




Figure 3.3. 3-1.- Residual effects CZj). 
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Band 13-1 



Figure 3,3. 3-2,* Response versus scan angle. 


3 .4 Absolute Radiometric. Accuracy and Stability 

S192 radiometric accuracy and stability was determined by analysis of the 
radiometric calibtation of the S192 reflective bands (1 through 12) and the 
thermal band (13) , The rej ection of radiation reflected from sources off-axis 
to the S192 was evaluated, as was the stability of band locations. Details of 
these analyses wete presented in Section 6 of MSC-05528, Volume III, Sep- 
tember 6, 1974. 
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3.4.1 Radiometric Calibration. . 

Radiometric calibration of S192 was performed in two parts. The reflec- 
tive bands were calibrated using prelaunch response to a test target, ground ' 
truth data, *and lunar radiances. The thermal band was calibrated using ground 
truth data from lakes used as thermal targets. 

3,4,i;i Reflective Bands (1 through 12) - Data were evaluated from pfe- 
laiinch testing, five lunar calibration data passes, and the Great Salt Lake 
Desert (with grotind truth data) on the SL3 mission. The evaluations were per- 
formed using the techniques described in Sections I, II, and III of Appendix A. 
Calibration lamp radiances consistent with these data sets were determined and 
are plotted in Figure 3. 4. 1-1. 

The ground data results are not self-consistent and differ from the lunar 
data results. The lunar data results are quite self-consistent, but both lunar 
and grovind data result? differ noticeably from the prelaunch results. A crit- 
ical examination of these various results does not identify specific causes for 
the differences but does identify candidate sources for some error. For exam- 
ple, the ground data results are based upon a single data set from each instru- 
ment which would permit undetected systematic instrument error, and the trans- 
fer to the spacecraft requires correction for atmospheric effects which is 
still a subject for research. The lunar data results also must include correc- 
tion for atmospheric effects in the results from the literature, and the 
Irvine* & McCord** data are combined and extrapolated to cover the S192 range. 
Although the final prelaunch calibrations were performed under far from optics 
lab conditions, the external source used was a well understood test target 
which was recalibrated after launch. For these reasons, the prelaunch values 
for calibration source radiance were used for S192 production data processing 
although the possibility of sensor change following thy last prelaunch calibra- 
tion cannot be dismissed. There can be little questions that the sensor re- 
sponse in Band 1 changed before the first SL4 lunar calibration pass, but with 
that exception the lunar calibrations indicated good radiometric stability. 

Ground truth data In Figure 3. 4. 1-1 were derived from two separate instru- 
ments. Data that determined curve G were taken with an interference-wedge 
spectral-scanning spectroradiometer, manufactured by Instrumentation Special- 
ties Company, Lincoln, Nebraska (I.S.C.O.) , Data that determined curve B were 
taken with a Bendix Model 100 Radiant-Power Measuring Instrument (RPMI) . 

Ground truth radiance data resulting from these two instruments differed in 
magnitude by about 20% on the average with the radiances derived from the RPMI 


*Adaic P. Land & William M. Irvine: ’’Monochromatic Phase Curves and Albedos 

for the Lunar Disk," Astronomical Journal, April 1973. 

**T. B. McCord & T. V. Johnson; "Lunar Spectral Reflectivity (0,30 to 2.50 
microns) and Implications for Remote Mineralogical Analysis," Science, 
August 8, 1970. 
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being the higher. These results are reflected in the calculated lamp radiance 
-values plotted. This deviation in magnitude, while spectral shape is similar, 
can be considered to indicate systematic errors. 

The lunar calibration- data shown in Figure 3. 4. 1-1- were determined from 
data sets taken with the S192 scanner by orienting and rotating the spacecraft 
so that the moon was viewed and scanned. The spacecraft pitch rate was such 
that the scan-line advance- rate was only about 5% of that normally used for 
terrestrial scenes, -thus nearly 1000 scans of the moon, were made on each lunar 
calibration pass. Using Ivmar radiance char^teristics from the literature*, 
the' radiance of the' ST92 "internal ' c'iLibratioh lamp was calculated. These re- 
sults demonstrate significant changes in the calibration of Band 1 over the 
missions and indicate changes in the calibration of the lo-wer numbered hands 
between LC 1 and the. later missions. Otherwise the results indicate that the 
S192 was quite stable during those parts of the three missions when the Y3 de- 
tector array was in use. Discrepancies of up to 50% between corresponding KSC 
and flight results for Bands 2 through 11 are not too surprising in -view of the 
many vincertainties involved In both sets of measurements and particularly in 
interpreting the radiometric data available for the moon. These problems are 
particularly severe for Band 12, but the 100% discrepancy for this band appears 
too large to be accounted for in this way, so the results may indicate a real 
change in performance. In fact, the changes in the radiance profile of. the 
high (internal) calibration source do suggest real changes in calibration in 
all bands following the prelaunch calibration. 

3. 4. 1.2 Thermal Band Calibration - Calibration of the thermal band was 
verified by using lakes as ground- truth targets, as described in' Section VIII 
of Appendix A. Data were evaluated for the Y-3 from SL2 and SL3 and the X-5 
from SL4. The results Indicated that a linear fit between the hot- and cold- 
temperature blackbodies could be used to determine the radiometric temperatures 
of ground targets to within approximately 1“K. Figures 3. 4. 1-2 and 3. 4. 1-3 . 
show the results obtained. Figure 3. 4. 1-2 is a linear plot between the radi- 
ances of the hot and cold blackbodies for band 13—1. The band 13-1 ouput, from 
the cold blackbody was set to approximately 60 counts and the hot blackbody to 
240 counts. Results of ground ;truth measurements of radiance versus S192 
counts for the Great Salt lake ■ on SL3 are also plotted. Figure 3. 4, 1-3 pre- ■ 
sents similar data for the X-5 data of Laguna Reservoir on SL4. This is an 
example of the results obtained for the smaller dynamic range band 13-2, -where 
the hot- and . cold -blackbody radiances are set to 255 and 0 counts, respectively, 

3.4.2 Off-Axis Rejection 

The rejection of off-axis radiation by the S192 was evaluated using the 
technique described in Section V of Appendix A. Using the lunar calibration 
pass data, adjacent scan-line data were evaluated as the S192 Instantaneous 
field of view (FOV) was rotated otito the moon, and adjacent pixels were evalu- 
ated as the S192 scanned across the moon as sho-wn in Figure 3. 4. 2-1. Data were 


*Ibid. 


III-19 






SYSTEM RESPONSE (counts) 


MSC-05546 



Figure 3. 4. 1-2.- Band 13-1 Y-3 CDDP thermal hand calibration. 



Figure 3. 4. 1-3.- Band 13-2 X-5 CDDP thermal band calibration. 
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evaluated for the five lunar calibration passes, using the Y-3 assembly. Fig- 
ures 3, 4. 2-2 and 3. 4. 2-3 are sample plots of the data obtained. Figure 3. 4. 2-2 
is a plot of cross-track pixels versus counts. The distinct rise as the S192 
scans across the lunar limb, with no detectable scattered radiation in the deep 
space data before the moon, indicates excellent off-axis rejection. Figure 
3. 4. 2-3 is a similar plot for the along-track data. Due to the slow rate of 
Skylab rotation of the S192 field of view onto the moon, the scan lines over- 
lapped extensively. The pixel' scale on the abscissa is the actual S192 instan- 
taneous FOV accounting for this overlap. As in Figure 3. 4. 2-2, the Indication 
is that the off-axis rejection is excellent. 



3.4.3 Spectral Band Locations 


Spectral band locations were verified by the Environmental Research Insti- 
tute of Michigan. The technique Used was to compare the S192 response to an 
agricultural sceiie with the "predicted response" for that scene. The S192 re- 
sponse was determined by taking the average counts for each band from a block of 
pixels taken over an agricultural area. These averaged counts were made com-, 
parable by using the tadiomettlc calibration results of the lunar calibrations 
(See paragraph 3*4.1. i). The ‘'predicted response" was derived by multiplying 
a textbook "green vegdtation" teflectdnce spectrum by a terrestrial solar il- 
lumination Specttulii fot two air masses, then integrating over the S192 bands. 

Figure 3, 4. 3-1 is ati example of the results obtained. The dips at bands 
5 and 9 show the chlorophyll absorption hand and the 1.13-micrometer water- 
vapor absorption band, respectively, the relatively high signal at shorter 
wavelengths compared to the predicted curve is due to path radiance. 
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Figure 3.4.3-1.- SL3 spectral response determination 
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Data were evaluated, from the three Skylab missions. The location of the 
two absorption bands previously mentioned Indicates that the band locations 
were essentially as measured before launch. 

3.4.4 Dynamic Range 

During prelaunch testing the Internal calibration source for the reflec- 
tive bands (1 through 12) was discovered to have a radiance too low to give the 
necessary dynamic range in bands 1, 4, 5, 7, and 8. Since it was too close to 
scheduled launch to make changes in the basic hardware, an attenuator assembly 
(installed on the connector of the signal output cable of the preamplifiers and 
containing voltage dividers Including adjustable trim-potentiometers) to reduce 
the signals from the detectors in those bands and thereby Increase the dynamic 
range. The attenuation In band 1 caused adverse frequency response character- 
istics (see paragraph 3.5.1), so the trim-potentiometer was adjusted to its 
lowest resistance making the dynamic range too small in band 1. 

Since the Attenuator Assembly was not launched in place but was stowed 
elsewhere in the MDA and since the Attenuator Assembly had been exercised in 
the system minimally, EREP passes (1, 2, and 3) taking S192 data without the 
attenuation were flown before the Attenuator Assembly was Installed between 
passes 3 and 4. As expected, a large" amount of signal saturation (i.e., 
clipped at 255) on ground scenes was experienced in bands 1, 4, and 5 and les- 
ser amounts in bands 7 and 8. With the Attenuator Assembly installed only band 
1 still saturated on ground scenes at high sun elevation angles. 

Since the increase in dynamic range was produced by a teduction in signal, 
it reduced S/N (signal— to— noise ratio) . In bands 4 and 5 the decrease In sig- 
nal was found to be greater than required, so between passes 24 and 25 the at- 
tenuation in those bands was adjusted with an accompanying change in dynamic 
range. 

The Attenuator Assembly was also determined to have increased the noise 
level by permitting more "pick-up" of electronic noise. A new Attenuator As- 
sembly with a modified grounding scheme was sent up with the SL4 crew and in- 
stalled before pass 53. This new voltage divider network changed the attenua- 
tion and therefore the dynamic range In each attenuated band but not signifi- 
cantly. 

The X-5 C/d/P (Cooler/Dewar/Preamplif ier Assetnbly) was installed in place 
of the Y-3G/D/P on January 15, 1974, between passes 83 and 84. This G/d/P had 
different detectors and preamplifiers so that the Attenuator Assembly was not 
installed , with it. The dynamic ranges in bands 1, 2, 3, and 7 were drastically 
increased by factors of 4, 5, 2.5, and 2, respectively, with commensurate 
changes in S/N. Bands 5 and 10 were inoperative. 

3 .5 System Frequency Response 

S192 system frequency response evaluation determined the ability of the 
sensor to respond as a function of ground spatial frequency. The following is 
a summary of this evaluation. ' This task is described in detail in Section 7 of 
MSC-05528, Volume III, September 6, 1974. 
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3',5,.i' ’ System Frequency Ke'sponse' '^ Frelaurich 


• A characteristic apparently inherent in the higli .performance- HgCdTe defec- 
tor material vised in, S192 is frequency response that varies.- non-rl^early ' with ! 
incident radiance level. . Fixed radiance levels (called optical bias) were ap- 
plied to the detectors to adjust frequency response. Since sensitivity also 
varies inversely with incMeiit radiance level .a trade-off was made- between bp^ 
timum. frequency response and sensitivity lii setting the optical bias -levels. 

The preamplifiers were then trimmed to give optimum performance in each ch^nel 
in the range of radiance levels for each, spectral band expected from terres- 
trial .scenes of greatest Interest. At radiance levels different from the" 'trim 
levels .frequency response changed from that, existing at the trim, levels. .-- 


In prelaunch testing at the Honeywell Radiation Center ^ bar targets "(with- 
uniformly spaced bright and dark bars giving different spatial frequencies) 
were used to determine the frequency- response characteristics of bands 1 
through 12 at three illumination levels (trim level, 1.5 trim and 0.5 trim). 
These results are presented in MSC-05528, Volume III (S192)* and showed fre- 
quency response in, several bands to be significantly different from that de- 
sired but in no case to be unsuitable for use. 


In prelaunch testing at Kenneviy Space Cenfer the voltage divider network 
of the Attenuator Assembly \dien combined with the capacitive coupling of the 
alignment signal circuit in band 1 destroyed the frequency response of that 
band. There was not sufficient time to change the Attenuator Assembly other 
than to set the band 1 adjustable resistance to minimum. This left band 1 with 
such poor frequency response .with the Attenuator Assembly installed that the 
data are generally unusable. 

3.5.2 System Frequency Response - SL2, SL3 


The technique used to obtain S192 system frequency response in orbit is 
described in Section V of Appendix A. The modulation transfer function (MTF) , 
which is a measure of .that response, was determined from S192 output as the 
sensor scanned from the moon to deep space. 

Results for SL2 and SL3 were very similar. For bands 3 through 13, the 
system frequency response was satisfactory. As expected, band 1 was very poor 
at all frequencies; band 2 was also poor but to a much lesser extent. Average 
responses of band 1 and 2 as S192 scanned off the trailing lunar edge during 
SL3 are shown in Figures 3. 5. 2-1 and 3.5. 2-2, These average responses are a 
plxel-by-pixel average of 20 scan lines. The corresponding MEF curves are 
presented in Figures 3. 5. 2-3 and 3. 5. 2-4. An idealized MTF cuirve is shown for 
comparison in Figure 3. 5. 2-5* 


*Skylab Program Earth Resources Experiment i Package Sensor Performance Report, 
Volume III (S192) , Engineering Baseline, SL2, SL3, and SL4 Evaluation, 
MSC-05528, dated September 6, 1974, 
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Figure 3. 5. 2-3.- Modulation transfer function (MTF) 
for band 1, SL3. 
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Figure 3. 5. 2-4.- Modulation transfer function (MTF) 
for band 2, SL3. 
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Figure 3.5. 2-5.- Idealized modulation transfer function (MTF) . 


3.5.3 System Frequency Response - SL4 

An improved attenuator was Installed in S192 at the start of SL4. This 
considerably improved the system frequency response for band 1 but caused some 
overshoot in bands 2, 3, and 4 and decreased the signal— to— noise ratios in 
bands 1 and 2. Figures 3,5.3— 1 and 3.5.3— 2 show the average response when 
scanning off the trailing lunar edge and the MTF curve for bands 1 and 2 during 
SL4 before the Y-3 detector array was replaced xd.th the X-5 detector array. 

System frequency response for the X-5 detector array caused extensive 
overshoot for many bands following the trailing lunar edge so that the digital 
output was completely clipped. This meant tha the true shape of the average 
response could not he determined. An estimated MTF was obtained by fitting a 
series of exponentials to the signals at the trailing edge of the moon, using 
the positive overshoot at the leading edge as a guide. The resulting MTFs 
showed that most bands have considerable freqiiendy boost in the lower half of ' 
the frequency range. Filters have been developed to permit improvement of the 
reflective region data (bands 1 through 12) taken with the X-5 array. This 
study was not completed Ih time for Inclusion in this report but will be pub- 
lished under separate cover. 
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Figure 3. 5, 3-2,- Frequency response for SL4* Y3, LC4, band 
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3t6 Geomatric Distortion 


The geometric fidelity of S192 data was evaltiated hy: 

1) Mathematical modeling of the data acquisition system to determine po- 
sitional correction parameters; 

2) Determination of the geometric distortion in the screening film. 

The evaluations are presented in detail in MSC-05528, Volume III, September 6, 
1974, Section 8, and are summarized below. 

3.6.1 Geometric Distortion from Mathematical Modeling 

The approach used to evaluate the geometric distortion is described in 
Appendix A, Section VII. For SL2, SL3, and SL4, the mathematical model was 
successful In handling time-dependent systematic errors through a determination 
of the positional correction parameters. Residual errors (after eliminating 
the systematic errors) were random, with a standard deviation of 4 pixels . No 
prelaunch evaluation was made. 

3.6.2 Geometric Distortion in Screening Film 

Screening films were generated on a JSG production film processor by using 
an algorithm that generated conical scan lines on the film. These scan lines 
were obtained on the special raster that was guided by knowledge of the length 
of the scan-line arc in degrees, velocity of the spacecraft in. meters per 
second, altitude of the spacecraft in meters, scans per second and degrees of 
drift angle due to the earth’s rotation. The width of the image was constrained 
to be 5 inches which fixed the number of raster positions available in the 
y-direction at a number that did not permit placing the pixel dot at its exact 
computed location. Screening films thus generated were evaluated for along- 
and cross-track scales (Sx and Sy) and nonorthogonality between X and Y axes. 

The scales Sx and Sy differed by as much as 12 percent, and were nonortho gonal 
by approximately 0.055 radian. All of the screening film had been produced by 
the time these geometric Imperfections were identified. Since these imperfec- 
tions did not prevent or even detract from the use of the screening film for 
its intended purpose of previewing sensor data and correlating data acquisition 
time with- an investigator's area of interest, no screening film was generated 
with improved geometric quality. The scale of the screening film provided on 
5-inch film. was found to be iil the neighborhood of 1:800,000. 

There ware alany other film products to be made for- investigators so the 
pixel placing program of the production film converter was corrected by insert- 
ing more exact values for scan-line arc length and scan rate, adding 3.15° 

(0.055 radians) to the ephemeris drift angle* and not requiring the image width 
to be exactly fiVd. IttchdS . This resulted in reducing the difference between 
across-track hldtig-ttack scales td about IZ and in reducing nonortho gonal- 
Ity to less thdti 0»D05 radian. 
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3 .7 Noise Analyses 

Noise analyses were performed on S192 prelaunch and flight data. Detailed 
results are presented in section 9 of MSC-05528, Volume III, September 6, 

1974. 


3 .7 .1 Noise Analyses - Prelaunch 

Prelaunch raw data were evaluated for noise by five methods. The perform- 
ance data derived by each method are summarized below. 

3. 7. 1.1 Standard Deviation - Standard deviations were determined for each 
band at the center of the scan line from 1000 consecutive scan lines. Repre- 
sentative values are given in Table 3. 7. 1-1, when the attenuators were not in- 
stalled and Table 3. 7. 1-2 when they were installed. 


TABLE 3. 7. 1-1.- STANDARD DEVIATIONS, 
ATTENUATORS OUT 


BAND 

STANDARD DEVIATIONS (counts) 

Pre launch 

SL2 

1 

6.9 

* 

2 

4.1 

4.7 

3 

3.3 

3.5 

4 

15.6 

* 

5 

11.4 

12.7 

6 

4.9 

6.3 

7 

4»4 

4.8 

8 

4.9 

4.9 

9 

4.2 

3.7 

10 

6.1 

6.0 

11 

2.6 

3.2 

12 

4.2 

3.2 


* Insufficient data 


3. 7. 1.2 Strip-Chart Recordings - Strip-chart recordings for each of three 
points in the scan line as a function of scan line, or time, were examined. A 
very low— amplitude, low-frequency modulation was found. Additional evaluation 
Indicated that this modulation was 1/f noise (flicker noise) generated by the 
detector where f was the noise frequency. 

3. 7. 1.3 Data Histograms - Data histograms for all bands were made using 
the data word at the center of the scan line for 1000 consecutive scan lines. 
Figure 3.7,1— 1 shows a histogram for band 1 and is typical of all the S192 
bands. 
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TABLE 3. 7. 1-2.- STANDARD DEVIATIONS, ATTENUATORS IN 



STANDARD 

DEVIATIONS (counts) 





SL3 





Before 

After 


BAND 

PRELAUNCH 

SL2 

Attenuator 

Attenuator 

SL4 




Change 

Change 


1 


7.7 

7.2 

7.2 

* 

2 

4.1 

' 4.2 

4.0 

4.0 

3.9 

3 

3i3 

3.2 

3.1 

3.1 

3.2 

4 

7.8 

8.2 

7.7 

9.2 

9.4 

5 

6.1 

5.1 

5.9 

8.2 

8.0 

6 

5.0 

6.5 

5.6 

6.0 

5.7 

7 

2.8 

3.0 

3.5 

4.3 

4.2 

8 

5.6 

* 

4.7 

4.7 

6.2 

9 

3.3 

* 

4.5 

3,7 

3.6 

10 

' 5.4 

* 

6.6 

6.0 

5.8 

11 

2.6 

* 

2.7 

2.7 

2.7 

12 

3.6 

* 

3.1 

3.1 

3.3 


* Insufficient data 


3. 7. 1.4 Power Spectral Density - Power spectral density (PSD) plots (de- 
scribed in Section VI of Appendix A) exhibited low-frequency broadband noise. 
Figure 3. 7. 1-2 shows a typical power spectral density plot for frequencies less 
than 100 hertz. The 1/f noise can be seen between 1 and 10 hertz. The spike 
between 20 and 30 hertz corresponds to the cooler piston frequency. 

3. 7. 1.5 Noise-Equivalent Spectral Radiance - Noise-equivalent spectral 
radiances (NESR) were determined by converting the standard deviation in counts 
for each band to spectral radiance by means of the radiometric calibration. 
Tables 3. 7. 1-3 and 3.7 .1-4 give the noise-equivalent spectral radiance corre- 
sponding to the standard deviations of Tables 3. 7. 1-1 and 3 -7. 1-2. 

3.7.2 Noise Analyses - SL2, SL3, and SL4 

Standard deviations and noise-equivalent spectral radiances for bands 
1 through 12, for SL2, SL3, and SL4 are shown in Tables 3. 7. 1-1, 3. 7. 1-2, 

3 .7 .1—3 and 3. 7. 1-4. The values listed are from the Y— 3 detector array only. 
The X-5 detector array noise levels averaged about 50% higher than the Y-3 
array . 

The thermal band, band 13, Was not given a full system test before launch- 
ing, so no prelaunch standard devlatlotta and ndise-equivalent temperature dif- 
ferences (NEAT) were available to dompare with the flight values summarized in 
Table 3. 7. 2-1. There Wete two outputs ftom hand 13, labeled 13-1 and 13-2, 
which differed from each Other by schie and reference level. Table 3. 7. 2-1 
shows the noise values for both* The Valued ftom the Y-3 detector array and 
Its replacement, the X-5 detector atrey, are given under SL4, 
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Figure 3.7. 1-1.- Data-word histogram, band 1. 
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TABLE 3. 7. 1-3.- NOISE-EQUIVALENT SPECTRAL RADIANCES (NESR) , 

ATTENUATORS IN 




NESR 

-ster) 


BAND 

PRELAUNCH 

SL2 

SL3 

SL4 

Before 

Attenuator 

Change 

After 

Attenuator 

Change 

1 

"k 

0.3 

0.23 

0,24 

* 

2 

0.2 

0.2 

0.2 

0.2 

0.40 

3 

0.2 

0.3 

0.2 

0.2 

0.26 

4 

0.5 

0.6 

0.5 

0.5 

0.66 

5 

0.6 

0.8 

0.72 

0.-46 

0.58 

6 

0.3 • 

0.3 

0.3 

0.3 

0.27 

7 

0.25 

0.3 

0.3 

0,35 

0.27 

8 

0.3 

* 

0.22 

0.21 

0.27 

9 

0.08 

* 

0.12 

0.10 

0.09 

10 

0.14 

* 

0.17 

0.15 

0.15' 

11 

0.05 

* 

0.06 

0.06 

0,06 

12 

0.03 

* 

0.025 

0.025 

0.027 


* Insufficient data 
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TABLE 3. 7. 1-4.- NOISE-EQUIVALENT SPECTRAL RADIANCES (NESR) , 

ATTENUATORS OUT 



NESR (mW/cm^- 

Jm-ster) 

BAND 

. 

Prelaunch 

SL2 

1 

0.3 

* 

2 

0.2 

0.2 

3 

0.2 

0.3 

4 

0.4 

* 

5 

0.4 

0.6 

6 

0.2 

0.4 

7 

0.2 

0.4 

8 

0.2 

0.2 

9 

0.1 

0.1 

10 

0.1 

0.2 

11 

0.05 

0.07 

12 

0.03 

0.03 


* Insufficient data 


The Imagery produced from flight data had two types of structured noise. 
One was low frequency and appeared as banding or streaking in the direction of 
scan. The other was high frequency and appeared as a "herringbone pattern" in 
the image. Sections 9.2, 9.3, and 9.4 of MSG- 05528, Volume III, September 6, 
1974 include descriptions of these noises and how they were suppressed. 

3 .8 Pointing Accuracy and Field-of-View Determination 


A valuable aspect of the Skylab earth resources multispectral scanner 
imagery was its ability to record the left, center, and right geographic co- 
ordinates of a scan line. These data Were based on spacecraft attitude and po- 
sition telemetry and the geometry of the S192 system. To determine the accu- 
racy of these coordinates, an evaluation was performed to determine the point- 
ing direction of S192 relative to S190A and the error between the actual 
coordinates observed on the imagery and those predicted from attitude data. 
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TABLE 3. 7.2-1.- THERMAL-BAND NOISE 



STANDARD DEVIATION 
(counts) 

NOISE -EQUIVALENT 
TEMPERATURE DIFFERENCE 
(“K) 

Band 

13-1 

Band 

13-2 

Band 

13-1 

Band 

13-2 

SL2 

13.0 

18.5 

4.3 

4.3 

SL3 

7.6 

10.8 

2.3 

2.3 

SL4 (Y-3) 

7.0 

9.7 

2.2 

2.2 

SL4 (X-5) 

3.0 

4.2 

0.9 

0.9 


3.8.1 Pointing Accuracy 

The pointing accuracy of S192 was evaluated for each of the three Skylah 
missions. Using the technique described in Section YII of Appendix Aj the S192 
data were registered with respect to latitude and longitude determined from 
identifiable geologic features in the data. These coordinates were compared 
with those resulting from spacecraft, attitude telemetry. It was found that the 
difference varied with, time. Indicating that the source of the error originated 
in the drift of the rate gyros. 

Por the times analyzed. Table 3.8.1— 1 shows the maximum differences at the 
center of the scan. 


TABLp 3.8. 1-1.- MAXIMUM LATITUDE AND LONGITUDE DIFFERENCE 
BETWEEN S192 DATA AND POINTING ESTIMATES DETERMINED 
FROM SKYLAB ATTITUDE TELEMETRY 



Latitude 

Longitude 

MAXIMUM DIFFERENCES 

Latitude 

Longitude 

min 

s 

min 

s 

SL2, Pass 7 

39®20’N 

87 '’50 'W 

■ 

21.9 

3 

26.5 

SL3, t*ass 52 

sono'N 

90‘’30'tt 


5.7 

0 

50.6 

SL4, Pass 90 

40^50 'N 

89'’W 

H 

13.8 

7 

24.5 


m-39 
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3.8.2 Field-of-View Determination 

Determination of the actual S192 Field of view was performed "by locating 
geologic features taken from S192 imagery on Geologic Survey maps. The nominal 
S192 swath width (i.e., exactly in Z-LV attitude and at 235 n.mi. altitude) 
is 38,61 n.mi. The results of the flight data determination showed S192 swath 
width to he 39.6 ± 0.5 n.mi. 

3,9 Photographic Image Adequacy for Site Location 

S192 screening film served to locate sites so particular digital data or 
hl^-quallty film can be specified and ordered. Evaluation of this film is de- 
tailed in Section 11 of MSC-05528, Volume III. No prelaunch screening film was 
made from which image adequacy could be evaltiated. 

3.9.1 Image Adequacy - SL2 

The standard 5— inch screening film was not made for SL2 because the 
screening film equipment was not operational in time. As a substitute, 35- 
millimeter SL2 screening film was made with a temporary facility. Screening 
film for bands 2, 7, and 11 was compared with S192 data analysis station (DAS) 
imagery and with "Printed gray maps." 

The primary image-quality factor noted in the screening film was the lack, 
of contrast. High-contrast objects were easily detected, but objects that pro- 
duced small changes in contrast were not detectable. Objects with sufficient 
contrast had resolutions comparable to those obtained from an area with about 
3.5 S192 pixels on a side combined into one pixel. The granularity of the 
screening film was also a significant source of degradation, making scan-line 
counting difficult in some areas and impossible in most. 

3.9.2 Image Adequacy - SL3 

S192 screening film for SL3 was 5-inch film made by the JSC production 
film converter. The film was considerably superior in resolution, contrast, 
time— mark location accuracy, and convenience. Screening film for bands 2, 7 
and 11 were examined. 

The most serious limitation of the Imagery was the quantization of the 
levels by reducing the number of 256 counts to 64 density levels. Low-contrast 
information below a four-count, difference was suppressed. This caused an 
absence of fine shades of gray and an uniform appearance on large water and 
desert areas. 

The resolution along the scan direction was obviously less than the reso- 
lution perpendicular to it. The distance for a detectable change was a single 
pixel perpendicular to the scan direction and 1 to 2' pixels in the scan 
direction. 
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When medium- or high-contras't targets were used > the screening film was 
excellent for locating targets and specifying the scah-llne nutdber (in terms of- 
time) and- the pixel- number along the scan line-. ' - ' : . ' ' 

■ ■ 3.9.3 .Image Adequacy - SL^i' \ '■ - . ■ , -s 

There was little difference between the, SL3 and SL4 screening film. The’ 

, X-5 detector array was installed in place of the Y-3 array -on January 16 j '1974 
and was used for the rhst of the mission. The screening film from the X— 5 dei'— . 

■ tecfor appeared somewhat better to the eye but - quantifying this improvement 

was impractical , - ' ' ‘ \ , . 

3.10 Geometrical Band-to—Bahd Registration. Error 

Band-to'-band data registration was studied by analysis of scari lines and 
pixel traces crossing the edges of ,■ the- moon . The single field stop design of : 
the instrument makes It extremely unlikfeiy . that there .could he ’detectable inis- 
- .registration perpendicular to '-the scan lines. . 'Comparison of corresponding- 
pixel' traces for the geveral .’bands did. not- disclose any such misreglstrat-i'on. 

. 'Along: the scan lines i h’owe-ver', misregistration- could- occur due to lags iti 
the analog electronics or' data displacements in the digital electronics either- 
ori-board or during ground .processihg’i ‘Comparison of averaged .scan lines cross- 
.ing the moon showed -that- any along-line- msregistrations- were small. " However . - 

analysis of the, tabulated 'data used -.in carrying out the -lunar -calibrations 
showed some inihor effects. - To e. .thes'e more ' thoroughly five .or six pixels 

covering the leading and trailing edges of the moon were selected and the 
averaged data for these pixels in ^ch band in -the LG tabuiatlons were normal- 
ized hy dividing by the peak signal recorded i An example of. the results is 
■ shown -in 'Table '3.10-1. " ’ ’ - , ' 

Generally only odd SDO data were used from the double-sampled' bands . Howy 
. ever,- due. to poor GCT .data in the odd SDO, whenever even- SDO data'- we’re .used the' 
signals in the even SDO’s appear to lead the odd SDO’s By about 1/2 pixel. ■ ' 
This Is -‘to be expected, as in these high-data-rate bands alternate- samples go 
. to odd arid' even SDO/s,- In each LG SDO .20 appears in registration with the ’odd 
high-rate data while in LCs 2 .through 5 SD0'’s 17 and 19 lag the odd SDO-’s by 
about 1/2 pixel and are -thus’ I pixel behind the even high— rate SDO's. However,, 
in LC 1 SDO’s 17’ and 19 appear to be in registration with the odd high-rate 
SDO’s while SDO’s 18 and 20 lag 1/2 pixel to become about 1 pixel behind the 
even high-rate SDO’s. Finally, for LCs -4 and 5, SDO 1 leads the odd hlgh-rate 
.SDO’s by 1/2 to 1 pixel so that it is then more than 1 pixel ahead of SDO’s 17 
and 19 . 

The results given above were based on the rise at the leading edge of the 
moon. As may be seen from the table, the trailing edge data is less defini- 
tive due to frequency response effects which vary from band to band. 
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TABLE 3.10-1.- EXTRACT FROM LCl DATA (NORMALIZED) 









Pixel Number 






^DO 

Band 

65T 

658 

659 

660 

661 

662 

712 

713 

714 

715 

716 

717 

1 

3 

0.02 

0.02 

0.05 

0.13 

0.24 

- 

0.46 

0.35 

0.18 

0.05 

0,01 


2 

3 













3 

4 

0.04 

0.04 

0.05 

0.14 

0.29 

- 

0.45 

0.34 

0.16 

0.02 

0.01 

- 

4 ■ 

4 













5 

5 

0.04 

0.04 

0.04 

0.06 

0,12 

- 

0.47 

0.37 

0.19 

0.07 

0.04 

0.05 

6 

5 













7 

6 

0.02 

0.02 

0,04 

0,12 

0.23 

- 

0.47 

0.36 

0.20 

0.06 

0.03 

0.03 

& 

6 













9 

7 

0.04 

0,03 

0.06 

0.14 

0.25 

- 

0.49 

0.39 

■0.22 

0.08 

0.06 

- 

10 

7 




' 









11 

11 

0.02 

0.02 

0.05 

0.14 

0.25 

0.34 

0'.45 

0.33 

0,16 

0.05 

0.02 

- 


12 11 
13 . 12 


14 

12 

0.04 

0.04 

0.08 

0.17 

0.26 

0.34 

0.44 

0»31 

0.17 

0,09 

0.07 


17 

10 

0.03 

0.03 

0.05 

0.13 

0.25 

0.35 

0.47 

0.36 

0.19 

0.05 

0.03 

- 

18 

2 

0.02 

0.02 

0.03 

0.09 

0.18 

0.26 

d.51 

0.43 

0.30 

0.18 

0.13 

- 

19 

8 

0.02 

0.02 

0.03 

0.10 

0.21 

0.32' 

0.51 

0.41 

0.24 

0.09 

0.05 

- 

20 

9 

0.02 

6.02 

0.03 

0.09 

0.19 

0.30 

0.50 

0.42 

0.27 

0.13 

0.06 

- 

22 

1 

0.03 

0.03 

0.04 

0.07 

0.11 

0.16 

0.87 

0.83 

0.75 

0.68 

0.64 

0.62 


Note: The thermal hand (SDOs 15, 16 and 21) was not considered, as it cannot be directly 
compared with the other bands. 

The thermal band was not considered, as the lunar surface temperature 
falls off towards the edge of the nearly full moon so that thermal and reflect- 
ed radiances cannot be compared in this way. Band 1, SDO 22 was not considered 
in LCs 1, 2/ and 3 due to its very poor frequency response. However in LCs 4 
and 5, when the frequency response of this band had been improved (i.e., during 
SL4) , SDO 22 appeared to behave like an odd high— rate SDO when allowance was 
made for. the high residual effect *it cohtalned. 

Due to the large frequency response defects in the X-5 array bands 1 
through 12 data, misregistration should be great » When the filtering technique 
is applied this problem should be greatly alleviated. 
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4.0 SUPPLEMENTAE-Y ANALYSES 

This section presents, the results of analyses completed after the submit- 
tal of the sensor performance evaluation interim report, >SC-05528, Volume III> 
September 6, 1974, Included in the section are an analysis of the S192 scan- 
related system response and a comparison of S190A, S191, and S192 radiometric 
performance. 

4,1 Supplementary Analysis of Scan-Related System Response 

Scan-related system response for S192 is the scanner response over a tar- 
get of uniform radiance as a function of scan position. As implied, determina- 
tion of this relationship required a data set representing scanner response to 
a uniform scene. The response versus scan angle fimctions used to reduce the 
S192data were derived by averaging and normalizing the S192 response versus 
scan from several homogeneous scenes since uniform single scenes of the size 
required do not exist in nature. This technique is described in Section IV of 
Appendix A. The following paragraphs described an alternate technique devel- 
oped by MMC for determining the S192 scan angle response from a single scene 
that is the most uniform available but is not in actuality uniform. 

For each scene selected for analysis of the scan function, S192 data 
across the scan were tabulated. Data points representing the mean of 3000 sam- 
ples (10 pixels times 300 scan lines) were selected for 12 points across the 
scan. Figure 4.1-1 illustrates a sixth-order polynomial fit to these points as 
the curve marked “scene data.” The scan-related signal offset was determined 
using 12 data points of the same sample size from deep space data taken during 
the lunar calibration closest in time to the scene data. The true mean of the 
offset data points was determined using the technique described in Section III 
of Appendix A. The offset curve in Figure 4.1-1 Illustrates the offset as a 
function of scan angle. This offset was subtracted from the scene data to ob- 
tain the scene data relative to zero counts. A sixth-order polynomial was fit- 
ted to the data and a normalization made to the value observed at a point 60® 
from the start of the scan. This point is near to the center of the S192 scan 
line. The normalized curves were then compared with the prelaunch scan re- 
sponse curves. An example. Figure 4.1—2, shows the -bandc 3 prelaunch curve 
compared with the average curve for the three scenes of the Mall Desert. 

The accuracy of scan response curves determined from the scene data de- 
pends on the uniformity of the averaged scenes or at least on their being sta- 
tistically uniform when a large sample is taken. To assess the accuracy of the 
results, it was desirable to have an Independent indication of how uniform the - 
scenes were. This was accomplished by using S190A photographs. 

The three Mali Desert scenes selected for S192 scan-related system re- 
sponse evaluation were located in the corresponding S190A frames. The black- 
and-white film camera stations were used (station 1, black-and-white Infrared, 
0.7 to 0,8 micrometers; station 2, black-and-white infrared, 0.8 to 0.9 microm- 
eters; station 5, black-and-white Panatomlc-X, 0.6 to ,0.7 micrometers; and 
station 6 black-and-white Panatomic-X, 0,5 to 0,6 micrometers) to approximate 
a few of the spectral bands of the S192 scantier. 
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Figure 4.1-1.-’ Scene data minus calculated real offset. 
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A template corresponding to 300 S192 scan lines was overlaid on the S190A 
frames, covering each of three selected scenes. Six film density measurements 
were taken at each of nine scan locations 15® apart across the field of view of 
the S192, as illustrated in Figure 4.1-3. These measurements were converted to 
original flight -film values using SL3 sensitometric data for S190A. The six 
corrected values for each 15“ location were then averaged to obtain an average 
density for each of the nine scan angles. 

A spectral distribution for each type of scene was needed to provide com- 
parative calibration measurements to define spectral limits and band shape. 
Because ground truth was not available for these particular sites, previously 
determined spectral distribution values calculated by Martin Marietta Corpora- 
tion in 1973 for the Great Salt Lake Desert were substituted for the Sahara 
Desert sites. 

A density from the film, assumed scene spectral distribution, and S190A 
system transmittance values based on preflight test data were then used In a 
Martin Marietta Corporation computer program. This computed effective target 
radiance above the atmosphere as predicted by the S190A. These data were 
plotted as a function of position on the S192 scan and a sixth-order polynomial 
fit of the data was made. Figure 4.1-4 shows the polynomial normalized to the 
midpoint on tbe scan line for the Sahara Desert scene derived from Si90A sta- 
tion 6, 

The results from S190A indicated that the radiance of the Sahara scene was 
not uniform. Radiance over the last 60“ of the scene increased by approxi- 
■mately 7% relative to the center. 

This result was used to correct the S192 scan function by accounting for 
lack of scene uniformity. Figure 4,1-5 compares the prelaunch scan response 
with SL3 data from Figures 4.1-2 corrected for scene variation Indicated by 
Figure 4.1-4. 

Use of this technique demonstrated that, even without a large uniform- 
radiance scene, scene nonuniformity cduld be approximated and scan' function, 
determined in those S192 bands for which a S190A provided corresponding spec- 
tral hands. Implications as to the scene nonuniformity might then be drawn for 
other S192 bands. 
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Figure 4.1-5.- Comparison o£ Sl92 datd £ot Sahara Desdrt corrected for Sl90A 
Scene radiance variation with i>relaunch data for hand 3. 
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4.2 Supplementary Analysis of System Noise 

System noise requirements of the EIS (End Item Specification) for S192 
Multiepectral Scanner were stated in terms of UEAe (noise equivalent reflec- 
tance increment) and NEAT (noise equivalent temperature Increment) . These 
measures of noise level tie the system performance to the viewed scene charac- 
teristic of principal impdrtance and, therefore, require certain viewing condi- 
tions to be defined. The scanner Is always assumed to have its optical axis 
aligned with the local vertical axis, and the earth's surface is assumed per- 
pendicular to it, so only the illumination conditions, and reflective properties 
of the scenes for bands 1 through 12 and the temperature and emissivity of the 
earth's surface are required to be specified. Those conditions used in the EIS 
were selected to be representative of average or "normal" conditions for an 
earth scene and are given in Table 4.2-1. 

Prelaunch, both at Honeywell Radiation Center during acceptance tests and 
at Kennedy Space Center during integration and checkout testing, and postlaunch 
before the scheduled sensor performance evaluation could be performed an eval- 
uation of the S192 noise characteristics was required. To enable direct com- 
parison with the EIS values these noise values were generated in the form of 
NEAe and NEAT. The prelaunch data were obtained with the scanner viewing the 
uniform illuminated test target while Inflight values through SL4 pass 83 (Y-3 
array) were obtained from data sets taken over clear, calm (no foam) ocean free 
from glitter. The SL4 values after pass 83 (X-5 array) were derived from deep 
space a's for bands 1 through 12 and clear ocean a’s for band 13 generated by 
ERIM in the course of developing calibration data. A tabulation of noise values 
for each mission is shorn in Table 4.2-1 for Information and as a formal record 
since these values were given substantial circulation — mostly internal to 
NASA. 


These results for the Y-3 array show that the noise levels increased 
inflight over the prelaunch values. The noise performance generally improved 
as the Skylab flights proceeded due to efforts to eliminate the causes of the 
increased levels. Bands 4, 5, 12, and 13 exceeded the EIS noise levels, but 
this condition was known to exist prelaunch for 4, 5, and 12 and values for 
13 were not obtained prelaunch due to the need for performing band 13 testing 
in a vacuum chamber. 

The X-5 array noise values in the reflective bands are higher than those 
for the Y— 3 array in all bands except in band 4 in which case it still exceeds 
the EIS value. The X-5 array band 13 noise value is significantly better than 
for Y-3 array and is better than the EIS requirements. These results were also 
anticipated (even though prelaunch system tests with the X-5 array were im- 
possible) since the dewar containing the reflective bands array was opened to 
replace the thermal detector. The reflective artay then had to be put through 
a second outgasslng bake-out and schedule did not permit tuning the band 1 
through 12 preamps to the changed detectors. 
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4.3 S190A, 5191, and S192 Radiometric COmparleou 

•Each EEEP optical sensor CS190A, S191, and S192) was designed and cali- 
brated to provide absolute spectroradionetric data. These sensors also covered 
- common wavelength regions, which facilitated a radiometric comparison. How- 
ever, the spectral bands and band-widths were different arid required band 
averaging to accomplish the comparison,. The spectral bands for each sensor 
are given in Table 4.3-1. The radiometric values output .from the sensors were 
converted to common" units. The S190A output data were converted to units' of 

'2' ' ' • 

spectral radiance (mW/cm -pm-ster) by dividing the S190A total radiance output - 

2 

(mW/cm -ster) by the bandwidth of each station. The bandwidth equaled the ■ ■ 
difference between the limits of integration used to calculate the S190A radi- 
ance output from equation A. 11.12, Appendix A, .Section II of Volumd I. 

' The. radiometric comparison as planned was to have compared radiance values 
when all three sensors were observing the same target. However, due to mis- 
sion scheduling difficulties only one ground truth site suitable for radio- 
metric evaluation was observed simulatane'ously by all three sensors. This site 
was the ¥illcox Playa observed during SL2 when there ‘were small cumulus clouds 
near the site, and which probably Influenced. the results.. However, .common " . 
sites were availabl,e for comparing S190A to- Si91, S190A to S192, and a limited 
comparison of S191 to S192.. Based oii 4ata from these sites the overall com- 
•/ par xson- of; .all -three, s.ensors could be- madej - 

4«3.1 Comparison of S190A to S191T ' ' - . ‘ ' 

* - Comparison of S190^ "t'o S191 was" based on the three sites:- 

. ^ - Mission : bate" :• Site ' 

’ . . ' . -•S!b2 , . • -.'S/3/73- ■ . . Wiilcox Playa, Arizona-. 

- ■ • SL3 ■ ' ’ , 8/11/73 ' " ^therine Playa, New Mexico 

• SL4 ' . ’ 2/1-/74 . ' katherine .Playa, New Mexico - ‘ 

'The spectral radiance of each site was first calculated from the S191 data for 

■ narrow wavelength bands over the spectral range of the S190A (0^44 to’ 0.9 
...pm).. These data were calculated using S191, responsivity derived from ground- - 

■ based -lunar mare measurements made 'with the S191 backup spectrometer. This 
-responsivity is given in Volume II, Figure 4.1-1, channel A-5. The resulting 
■spectral radiance values for the three sites are listed in Table 4. 3. 1-1 and 
plotted in Figure 4. 3. 1-1. These data were theii averaged over each of the 
S190A spectral bands to obtain the average -spectral radiance comparable to each 
jS 190A station. The resulting average spectral radiance fpr both sensors and 
.that derived from the ground'. truth measurement are listed ih Table 4;3^1-2. 

' Radiance ratios werd -also ' calculated and' l-±s.ted to provide a basis . for inter- " 

' sensor comparison, 
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TABLE 4.2-1.- S192 MULTISPECTRAL SCANNER SENSITIVITY (NOISE.)* 


Band' 

Number 

Spectral 
Interval fum) 

Assumed Atmosphere 
Transmission, % 

EIS 

Prelaunch 
Y-3 Array 


Y-3 Array 

X-5 Array 
SL-4 

SL-2 1 

SL-3 

SL-4 

' T 

(1.41 tn:a..46 

45 

2.0 

N/A* ** 

1 


1.3 

1.1 

2.2 

. 2L 

Q.4S to (T.Et 

45 

2.0 

0.9 

1 


1.1 

0.8 

• 2.5 

1 

0-5Z to O.ST 

55 

2.0 

1.0 


1.5 

1.2 

1.0 

1.6 

4; 

a.5eta0.6T 

55 

2.0 

2.4 


3.7 

2.8 

2.5 

2.1 

5 

0^621 to a.fr7 

. 60 

2.0 

3.Q 


4.2 

2.5 

2.5 

— 

e 

- C.ba" to O'.TE 

65 


1.3 ' 


1.6 

1.5 

1.3 

2.6 

i 7. 

to ff.as 

70 


1.4- 


1.8 

1.7 

1.5 

• 3.0 

£ 

Q.3S to T-Qs: 

aa 

2.Q 

T.3 


1.5 

1.5 

1.6 

3.0 

. • 

■ T.Qg.-taT-l5 

5Q 

2.0 

Q-9 


0.9 

1.2 

0.9 

2.7 

Td 

T.2Q to T JC 

■ 80 

2.0 

1.8 


l.,9 

1.7 

1.7 

— 

Tl 

T.5S to r.75 

70 

2.0 

1.5 


1.6 

1.8 

2.0 

2.6 

: IZ 

2. IQ to 2.3B 

70 

2.0 

2,3- 


2.4 

1.5 

2.2 

2.7 

U 

ICr.Z to TZ..S 

90 

I.5OK 

N/A*** 


4'.0<>K 

2.6°K 

2.2°K 

0.8°K 


*5ands T thru 12 are NEiVp (% earth reflectance) whiTe Band 13 is N&iT (°K), see note below. 

**Band 1 attenuation removed after ground testing completed. 

***Ground test of thermal band impossible outside vacuum chamber. 

NOTE: NEdp's and NEAT's were computed using' the atmospheric transmissions in the table, 

solar irradiance = 140 mw/cm2 (outside the atmosphere), scene reflectance = ZQ% (diffuse), 
angle of incidence of solar radiation = 45°, and (for NE6T) the earth a 300°K blackbody. 
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.‘ TABLE 4.3-1.- S190A, Si91, AND .3192 SPECTRAL BANDS FOR RADIOMETRIC COMPARISON j 


S190A 


S192 


“1 

S191* 

Station 

Wavelength 
Band Oku) 

Band 

Wavelength 
Band 0<m) 

Segmant 

Wavelength 
Range (jia) 

Wavelength 
Resolution Cim) 




0.41 

to 

0.45 

1 

0.39 to 0.73 

0.0115 

6 

0.48 to 0.63 


0.45 

to 

0.51 







0.50 

to 

0.56 




5 

0.58 to 0.72 


6.54 

to 

0.60 







0.60 

to 

0.66 




1 

0.68 to 0.78 


0.65 

to 

0.74 

2 

0.68 to 1.43 

0.0185 

2 

0.75 to 0.90 


0.77 

to 

0.89 






8 

0.93 

to 

1.05 







1.03 

to 

1.19 







1.15 

to 

1.28 






D 

1.55 

to 

1.73 

3 

1.34 to 2.50 

0.015 X X 




2.10 

to 

2.34 










' 4 

5.82 to 11.40 

0.019 XX 



B 

10.07 

to 

12.68 

5 

8.30 to 15.99 

0.019 X X 


* 8191 htd a coatlnuoufly variable filter; deflaable narrow bands are given by the 
wavelength resolution. 


This comparison, shows tttAt the spectral radiance values derived from S191 
were consistently higher thad those from Sl90A, with an average about 18% high- 
er. The large ratios for both S190A and S191 with ground truth data for 
Willcox Playa indicate that local atmospheric conditions caused the S191 
ground truth calculations to give erroneously low spectral radiance values, 
particularly in the near-infrared bands. This result supports the suspicions 
of that data. 

The camera station operating in the visible spectral region showed better 
agreement with S191 data than did the infrared-sensitive stations. 

4.3.2 Radiometric Comparison of S190A to S192 

The comparison of Sl90A and S192 absolute radiometric measurements was 
based on four ground sites: 

Mission Date" Site 


SL2 

• 6/3/73 

Wllicox Playa, Arizona 

SL3 

9/2/73 

Sahara Desert j Africa 

SL3 

9/13/73 

Great Salt Lake Desert, Utah 

SL3 

9/17/73 

Gu 1£ of Mexico 
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TABLE 4. 3. 1-1.“ S191 SPECTKAL RADIANCE FOR S190A AND Sl91 COMPARISON SITES 


Wavelengch 

0«) 

SFECIRAL RADIANCE VALUE (mW/cm^-|(m-6ter) 

Wlilcoz Playa, SL2 

Katherine Playa, SL3 

Katherine Playa, SL4 

O.U8 

17.63 

12.05 

8.542 

0.475 

18.64 

12.50 

8.975 

0.500 

17.09 

11.45 

8.853 

0.552 

15.40 

10.1 

8.828 

0.600 

15.04 

10.0 

9.267 

0.657 

15.78 

10.9 

10.286 

0.675 

15.65 

10.5 

10.199 

0.700 

14.61 

9.21 

9.666 

0.725 

15.58 

10.04 

10.468 

0,741 

15.29 

10.65 

10.474 

0.800 

14.46 

9.86 

9.920 

0.850 

12.42 

8.75 

8.454 

0.901 * 

9.28 

5.97 

6.418 


No ground ttuth measurementE were made at the Sahara Desert and the Gulf of 
Mexico sites. Unlike the S191 spedirometer, neither the Sl90A nor S192 had 
sufficiently narrow bands to define the detailed spectral distribution of the 
ground sites. Also, the spectral bands and response of these two systems were 
different. However, it was possible to obtain meaningful radiometric compari- 
son data by calculating the average spectral radiance for each S190A station 
and S192 batld; then computing the aver Age of the S192 bands covering the spec- 
tral range of each S190A station. Specifically, S190A station 6 was comparable 
to the average of S192 bands 3 and 4; station 5 was comparable to the average 
of bands 5 and 6; station 1 was comparable to the average of hands 6 and 7; and 
Btatlon 2 tjas botaparable to S192 band 7* The spectral ranges of these stations 
and bands are given in ttable 4.3-i. 

The average spectral radiance Valdes and radiance ratios for the S190A, 
5192 and the ground truth mdasut amenta ate given In Table 4,3. 2-1. The' 5192 
Willcdx Fiaya data Were recorded ott pass 3 of Sl 3 before installation of the 
attenuators t Ihe "off scale" liated id the table means the output signal was 
above the upper limit fof bands k and This condition was later corrected 
by Instaiiatibtt Of the attenuators. Review of this table shows similar error 
magnitude in the Wilitoji Playa ground truth data as iti the comparison of S190A 
to Sl9l* The data also indicate good agreemeht between 5190 a and 5192 radiance 
values, with ho apparent systematic error, ot bias, In the comparison. 
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Figure 4.3.1--1.- S191 spectral radiance plot for S190A and 
S191 comparison sites. 


TABLE 4. 3. 1-2.- S190A, S191, AND GROUND-TRUTH RADIOMETRIC COMPARISON 


- 

SPECTRAL RADIANCE (ojW/cm*-(OT-ster) 

RADIANCE RAXIO 

wavelength 

BAND 

(Hn) 

mssioH 

SITE 

DATE 

S190A 

S191 

Ground Truth 

S190A/5191 

S19DA/ 

Ground Truth 

S191/ 

Ground Truth 

St2 

Willcox 

6/3/73 


16.93 

10.27 


1.16 

1.65 

0.48 - 0.63 


Play« 



16.28 

10.00 

0.91 

1*48 

1,63 

0.58 - 0.72 




11.21 

14.95 

7.16 

0.75 

1.57 

2.09 

0.68 - 0.87 




10.93 

13.93 

6.07 

0.78 

1.80 

2.29 

0.75 - 0.90 

SU 

Katherine 

8/11/73 

9.47 

11.27 

12.00 

0.84 

0.79 

0.94 

0.48 - 0.63 


Playa 


10.79 

10.86 

11.57 

0.99 

0.93 

0.94 . 

0.58 - 0.72 

- 



6.89 

10.16 

8.95 

0.68 

0.77 

1.14 

0.68 - 0.87 




6.40 

9.60 

8.20 

0.67 

0.78 

1.17 

0.75 - 0.90 

SIA 

Katherine 

2/1/74 

9.27 

9.67 

9.93 

0.95 

0.93 

0.97 

0.48 - 0.63 


Playa 


9.07 

10.57 

10.14 

0.86 

0.89 

1.04 

0.58 - 0.72 




No Data 

10.21 

8.05 

-- 



1.27 

0.68 - 0.87 




8.00 

9. S3 

7.33 

0.84 

1.09 

1.30 

0.75 - 0.90 
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TABLE 4.3;2-i.- ^l90A, S192, AHD GROUND-TRUTH RADIOMETRIC COMPARISON 



AVERAGE SPECTRAL RADIAliCE 
(oW/cB^-MO-stcr) 

RADIANCE RATIC 

t 

coH7ASATtv£ ovirm 

5190A/S192 

S190A/ 

Grountl Truth 

5192/ 

Grpund Tfubh 

S190A 

(Stafloti) 

S192 

(Bands) 


SITE 

DATE 

Sl90A 

S192 

Ground Truth 

SL2 

Willcox 

6/3/73 

11.93 

off scale 

10*27 


1.16 


mm 

3)9 «vctage 




19.79 

oft scale 

lO.UQ 

— 

1.9S 

— 


5,6 averase 




U.21 

li.59 

7*16 

0.97 

1.57 

1.57 


6,7 average 




10*93 

11.32 

6.U7 

0.97 

t.8U 

1.86 

2 

7 

sw 

Sahara 

9/2/73 

7.75 

8.10 

-- 

0.96 


-- 


3*4 average 


Desert 


12.25 

10.68 

-- 

1.15 


— 


5*6 average 









6*7 average 














7.92 

9.36 

-- 

o.as 


-- 


7 

SL3 

Great 

9/13/73 

13.27 

11.39 

ll.OQ 

1.17 

l.2l 

1.09 


3,4 average 


Salt Lake 


13.21 

11.12 

10.93 

1.19 

1.27 

1*07 


5»6 average 


Deaert 


9.00 

9*78 

7.79 

0*92 

1.16 

1.26 

1 

6*7 average 




S.73 

9.17 

6.93 

0.95 

1.26 

1.32 

2 

7. 

SL3 

Gulf o£ 

9/17/73 

9.15 

3.43 


U21 




6 

3*4 average 


Hexlco 


2.06 

1.62 


1.27 



5 

5*6 average 


4.3.3 Radiometric Comparison of S191 to S192 

Only two ground sites suitable for tadiometric coB^atison of Sl9l to S192 
were available. They were the SL2 Willcdx Playd site dlscUssed In paragraphs 
4.3.2 and 4.3.2 and the Rio Grande Reservoir, Colorado, site observed on 8/8/73 
during the SL3 mission. The absolute spectral radiance values based on S191 
data for Willcox Playa are listed In Table 4. 3. 1-1 and plotted in Figure 
4. 3, 1-1. The Sl9i spectral radiance fot the Rio Gtande Reservoir is given in 
Table 4. 3. 3-1 and plottedin Figure 4. 3. 3-1. 

The Comparison of S191 to S192 was achieved by taking the average of the 
S191 spectral radiance over each corresponding S192 band. Infrared wavelengths 
greater than 0.901 ym were not considered due to d lack of analysis time. The 
resulting comparative data are listed in Table 4. 3*3-2. 

A review of this table for Rio Grahde Reservoir shows the Sl9l-derived 
spectral radiance is higher than that for S192 by approKimately 16%. The S192 
results for Willcox Playa differ significantly from those of S191. No attenu- 
ators had been installed in S192 and other problems were associated with these 
data. The differences with Willcox Playa ground truth ate again apparent. 

4.3.4 Radiometric Comparison Summary 

The derived spectral radiances from various targets agree closely for 
S190A and S192. The Sl91 values were ahoUt 16 to 18% higher than those for 
S190A and Sl92, The values are given in Tables 4. 3. 1-2, 4. 3. 2-1, and 4. 3. 3-2. 
The- agreement among the three sensors was judged to be excellent considering 
that a recent study* showed the variation iti radiometric calibrations made at 


*Franc Grum and Joseph Cameron; "Detectot Intercomparison Results,*' 
Electro-Optical System's Design. Vol 6, November 1974, p 82. 
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^ MSq-05546 , 

TABLE 4.3.3-!.- S191 SPECTRAL RADIANCE OP .RtO GRANDE 
RESERVOIR FOR COMPARISON OF S191 TO S192 


Wavelength (Um) 

Spectral Radiance (mW/cra^— Um-steir) 

0.448 

4.94 

0.475 

4.48 

0.50 

3.69 

0.552 

2.74 

0.60 

1.72 

0.657 

1.42 

0.675 

1.37 

0.70 

1.41 

0.725 

1.42 

0.741 

1.46 

0.80 

1.37 

0.85 

1.12 

0.901 

0.80 


WAVELENGTH {Um) 


Figure 4.3.3-!.- S191 Spectral tadiflncfe of Rio Grande reservoir, SL3 
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TABLE 4. 3. 3-2.- S191, S192,_AND GROUND-HlUTfl HADIOMETRIC COMPi^SON 


• 

AVERAGE SPECTRAL RAOIARCE 
(mV/cK*~iia-ater) 

RADIiUKE RATIO 

S192 SPECTRAL 
BAND 

S192/S191 

S19iy 

Ground truth 

Sl92/ 

Ground truth 

>!I3B10R 

sm 

MZE 

S191 

£192 

tiround troth 

SL2 

Hilleox 

6/3/73 

17,8 

9.51 

10.8 

0.534 

1.648 

0.881 

2 


Playa 













16.1 

10.13 

9.4 

0.629 

1.713 

1.078 

3 




15. 3‘ 

off Bcale 

9.4 

— 

1.628 

... 

4 




15,4 

off scale 

9.7 

— 

1.588 

— 

5 




15.3 

11.54 

8.6 

0.754 

1.779 

1.342 

6 




13.0 

11.32 

5.6 

0.870 

2.321 

2.021 

7 

SL3 

Rio Crande 

8/6/73 

4.43 

3.49 

Not available 

0.788 


... 

2 


Beaervoir 













3,20 

2.70 ■ 



0.844 

— 

— 

3 




2.92 

2. 38 



0.815 

... 

, — 

4 




1.51 

1.60 



1.060 

... 

... 

5 



- 

1.36 

1.05 



0,772 


... 

6 




1.17 

1.03 

ft 

alUble 

0.880 

... 

... 

7 


various standards laboratories to be apptoximately +10% (total variation 20%) 
from the consensus. Considering the spaed environment, the variations in 
spectral bands, and the less-than-optimum calibration procedures available 
before launch, the .relative radiometric absolute accuracy of these three 
instruments was considered excellent. 

These data also showed that, based oti these S190A and S192 resiilts it 
appears that the lunar radiance values calculated using the Lane and Irvine 
data* were approximately 25% high. 




. *A.' P* Lane attd W. ttuinej ''MofiocHroMtld Phase' Curves and Albedos for 
the Luttat Dlakj** the Ast'r onoalcal d oumal , Voi 78, Ko. 3 4 1972. 
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5.0 CONCLUSIONS 

The sensor functioned very well indeed. The refrigerator which cooled the 
detectors and the dwar which contained rhe detectors were considered prelaunch 
as the- most likely source of functional problems and none materialized. 

The geometric performance was excellent since the data proved to be read- 
ily registerable to maps and to LANDSAT A data. 

In 9 of the 13 bands radiometric performance was very good. In most in- 
stances where the performance did not meet the EIS requirements the deficien- 
cies were known to exist prelaunch and could have been remedied had the time 
and equipment been available. ‘ The principal surprise was the poor quality of 
the band 13 (thermal) data from the Y-3 array. This arose from the inability 
to complete the planned prelaunch testing in a vacuum chamber. That this could 
be overcome was demonstrated by the excellent quality of the band 13 X-5 array 
data . 

Band 1 data was generally unusable for most purposes due to its poor fre- 
quency response in SL2 and SL3 and its calibration changed significantly in 
SL4. Bands 4 and 5 had low signal-to-noise ratio which tends to make tests of 
the utility of the additional bands which include comparison with LANDSAT A 
inconclusive . 

These problems notwithstanding, the' S192 Multispectral Scanner produced 
highly useful data in more spectral bands and in narrower spectral bands than 
any set of scanner data yet available for Earth Resources Survey uses. 

6.0 RECOMMENDATIONS 

As described throughout this report and MSC-05528, there were a number of 
areas in which the design and use of S192 Multispectral Scanner could have been 
improved upon. In most instances the deficiencies were known prelaunch and 
could have been cured given the opportunity. Since S192 will never he flown 
again there will be no attempt here to detail .all the problems and recommend 
detailed solutions which are irrelevant. The recommendations below are those 
which are applicable to the whole genre of multispectral scanners and to image 
plane scanners in particular. 

6.1 For high performance image plane scanners, provide a mechanism for in- 
flight determination of response versus scan angle variation. This could be a 
uniform test target (which can be Illuminated or left dark on command) included 
in an enlarged objective aperture cover (this adds complexity, size, weight, 
and power consumption to the primary sensor) . It could also be a separate, 
small object plane scanner with the same spectral characteristics but much low- 
er spatial resolution (and data rate) to define the scene variation for use as 
described in paragraph 4-1. Either of these devices should be well calibrated 
and well exercised (and therefore well understood) prelaunch since they are 
calibration devices in themselves. 
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6.2 Fot image plane scanners used, in applications requiring accurate cal- 
ibration (either relative or absolute) A mecbanistn for infligh^^ check of cali- 
bration, including all telescope mirrors should be provided. The near-full 
moon provides an excellent external source for monitoring stability of relative 
calibration between bands if operational constraints permit it to be viewed at 
appropriate times. The two mechanisms described in paragraph 6.1 would he 
suitable for check of either absolute or relative calibration. 

6.3 For any scanner used in applications requiring accurate calibration 
the internal calibration sources must be unlfom and stable in radiance, inset 
sufficiently into the dynamic range of the sensor to prevent clipping, and 
usable in all testing environments. 

6.4 For any scanner i calibration data, data processing algorithms, and 
data processing computer programs should be developed in parallel with the sen- 
sor hardware so that data from Acceptance Tests, Qualification Tests, and Inte- 
gration Tests can be processed and evaluated as the actual flight data will be. 
From this it follows that such testing should be done in "as near flight con- 
figuration as possible" with the minimum requirement to record the data in same 
form and format that the flight data will be recorded. 
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7.2 Abbreviations 

Abbreviations In common usage have been used, for English units of measure. 
International units (SI) have been abbreviated In accordance with E. A, 
Mechtly's NASA SP-7012, The International System of Units, 2nd Revj National 
Aeronautics and Space Administration, Washington, D.C., 1973 — except for stera- 
dian, which has been abbreviated to ster. 

r 

I 

AVG Average 

C/D/P Cooler /Dewar/Preampllfler Assembly 

DBA Data reformatting assembly 

EREP Earth Resources Experiment Package 

ERIM Environmental Research Institute of Michigan (Formerly Willow 

Run Laboratories, University of Michigan) 

EOV Field of view 

JSC Lyndon B. Johnson Space Center 

KSC Kennedy Space Center 

LC Lunar calibration 

LEC/ASD Lockheed Electronics Corporation, Aerospace Systems Division 

MMC Martin Marietta Corporation 

MSG Manned Spacecraft Center 

MTF Modulation transfer function 

N/A Not available 

NEAT Noise-ecjuivalent temperature difference 

NESR Noise-equivalent spectral radiance 

NOAA National Oceanic and Atmospheric Administration 

OFCE Optical fiinctlonal checkout equipment 

PASS XX Pass numbers used in this document are EREP Skylab consecutive 
pass numbers 

PRT-5 Barnes precision thermal radiometer. Model PRT-5 
PSD Power spectral -density 
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RPm Radiant -power measuring Instrument, Bendlx Model 100 

S&AD Science and Applications Directorate, JSC 

SKYBET Skylab Best Estimate of Trajectory Ephemeris Data 

SL2 First Manned Skylab Flight 

SL3 Second Manned Skylab Fli^t 

SL4 Third Manned Skylab Fli^t 

SPE Sensor performance evaluation 

X-5 C/D/P installed between EEEP passes 83 and 84 during SL4 

Y-3 Primary C/d/P used dtiring SL2 and SL3 and through pass 83 during 

SL4 
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APPENDIX A 
TECHNIQUES ADDENDUM 

This appendix describes- in detail the' techniques used to 
evaluate S192 performance as presented in the Sensor Performance 
Evaluation Report , MSC-05528, Volume III, dated September 6, 1974. 
These descriptions of the techniques include both the theoretical 
approach and the mechanics of application. 
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I. SPECTRORADIOMETRIC CALIBRATION OF S192 BASED ON GROUND TRUTH 
MEASUREMENTS 


Spectroradiometric calibration of the S192 required that the 
relationship between output of the instrument (in counts) and a 
known input spectral radiance /n \ be determined. One means of 

\ XI 

obtaining this relationship was the use of ground truth measure- 
ments made by Martin Marietta concurrently with EREP overpasses. 
The detailed results of these ground truth measurements were 
reported for each Skylab mission,* 


The expression relating N^ to the quantities measured on 
the ground is X 

N. - He"'' ® + N [A.I.l) 

h ” “a 

where 


Ng = apparent spectral radiance from the target area at 
the spacecraft 

H = total (direct and diffuse) spectral radiance 
incident on the target 

p = target reflectivity (as a function of wavelength) 

T = atmospheric optical depth 

6 = sensor view angle with respect to the normal 

N = atmospheric pdttl spectral radiance 


The methods used to measure H, p, T, and N ate! 

^A 


1) Total solar radiance, H, (direct and diffuse) incident 
on the target. A spectral scanning specttoradioraeter covering 
the wavelength range ftom 400 to 1300 nm was used to measure 
the total solar radiation incident on the target. 

* MSC-05531 Ground Truth Data for Test Sites (SL2) , 

August 15, 1973 

MSC-D5537 Ground Truth Data for Test Sites (SL3), 

March 29, 1974 

MSG-05543 Ground Truth Data for Test Sites (SL4) , 

April 30, 1974 
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2) Target reflectivity, p, (as a function of wavelength). 
The same specttotadiometer used to measute H was Used to 
measure the radiance reflected ftom the target area. The ratio 
of these two values’ gives the tatget reflectivity. 

3) Atmospheric optical depth, t. This quantity is 
calculated by Using measurements of the direct solar radiance 
as functions of the solar incidence angle. 

The Instrument used was a pytheliometer , which is a 
spectral scanning spectroradiometer equipped with a collimator. 
In use, it is pointed directly at the sun, ahd produces a 
meter reading, Mj thdt is ptoportiotlal to the direct solar 
radiance at the surface. Usihg the expression 

-T sec 0 • ■ f . -r 

M = M^e o [A. 1. 2] 


where 


M = the Value of M that would be observed by the 
pyrheiiometet if it were above the atmosphere 

9^ = solar incidence angle (with respect ho the normal) , 

rewriting the equation by taking logs of both Sides and 
transposing, 

T sec 9 - log M - log M tA.1.3] 

0 0 •’ 

By measuring values of M at various values of 9^, simultaneous 

equations can be written and solved for T and In practice, 

the solution technique used is to plot values of h versus 
T sec 0 (which gives the relative air path length with respect 
to a vertical path) on a semilog plot. The slope ’of the line 
Is -T, and the extrapolated line intercept with the vertical 
axis gives the value of M^. This technique allows a convenient 

least squares fit of the data ho determine M^. 

4) Atmospheric path spectrdl radiance . This is a 

calculated quantity derived from an atmospheric radiative 
transfer computer model**. 

** W. A. Malila, et.al: Studies of Spectral Discrimination , 

Report No. NAS CR-WRL 31650-22-T, Contract NAS9-9784, 

May 1971. 
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Required inputs' to the computer program ate: 

a) altitude of the sensor} 

b) target reflectivity} 

c) target background reflectivity; 

d) solar zenith angle; 

e) solar-sensor azimuth angle; 

£) sensor viev angle; 

g) atmospheric visual range. 

These values wete available from field observations, Skylab Best 
Estimate of Trajectory Epheffleris Data (SKYBET) , mission tapes and 
ephemeris data; 

Radiance at the S192 aperture determined from ground truth 
measurements and the path radiance program were presented as a 
curve of apparent spectral radiance (X)*] versus wavelength 
(A), For example,' results of SL3 measurements of the Great Salt 
Lake Desert ground trlith slte^ ate presented in figure A.t-1. 

S192 response to this input tadlatice was determined as 
f-oliows. 


For a constant input radiance, IdA, froih A to 
I is a constant spectral radiance indapendeht of A, 
'output 


is 


Sy(A) dA, for each Sl92 band, K 
an input spectral radiance, 1, over the frequency range A 


A dA, where 
detector 
1,2,3,... 12. For 
to 


Xl 


^X2* detector output is 




X2 




dA. Sl92 response should 


be equal to the Ittput specttal radiance, t; Thetefdre, a 
conversion factor, Ay is, -applied to the detector output so that 



dA 


[A. I. 4] 


Solving fbt A, the don-yeralon factor tedUired is glyeti by 





RADIMCE (mW/cm^-ster-jjm) 
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w 0.3 

to 


-RADIANCE AT BEEP 
NgW 


SPECTRAL SENSITIVm- 
Sjj(X) (BAND 6) 




■44 INCREMENTS 


WAVELENGTH (ftm) 


Figure A. I-l,- Sample determination of ground— truth atmospheric and target 

radiance for an S192 band. 


[A. I. 5] 


S^(A)dA 


For a ground target input spectral radiance that is a function of 
A, from A to A -1- dA, N (A) dA, and the related S192 output for band 
X, r(A) dA 


r(A)dA 

Ng(A)dA 


A S„(A) dA 

A 


[A. I. 6] 
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solving for r(X)dA 


r(X)dA 


A S^iX) Ng(A) dX 


[A. I. 7] 


substituting for A and integrating, where R = /r(X)dX 

X, 


rX2 

C 


X;'^ S^(X) N„CX) dX 

RAD^ = ^ S 


[A. I. 8] 


/ 

XI 


S^(X> dX 


where 


RAD^ = S192 average input spectral radiance for band X, 
accounting for spectral sensitivity 

S (X) = instrument spectral sensitivity for each band X 
^ (X = 1, 2, 3, . . . 12) 


Ng (X) = input spectral radiance. 


Equation A. 1-8 was used for determining S192 response to 
ground truth spectral radiance. The integrals were evaluated by 
using a curve multiplication program that performed a point-to- 
point 'multiplication .and summation; 


^GTX 


44 



[A.I.9] 


where 

^GTX ” gtotind truth spedttal radiance for each band X 

(X = Ij 2) 3j i > t 5)} accounting for the spectral 
sensitivity of that band 
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= S192 spectral sensitivity for each band X 

(X = 1, 2, 3, . . . 9) for each segment, i, where 
a maximum of 44 segments were used over the band 
so that AX = a constant 

= spectral radiance at the S192 aperture determined 
from ground truth measurements for each segment, i, 
whose, value was determined to coincide with each 
AX increment of the band X spectral sensitivity 
(X = 1, 2, 3, . . . 9) 

This operation is illustrated in Figure A.I-1. 

S192 digital output in counts corresponded to the ground truth 
radiance. The counts were obtained by selecting the instantaneous 
fields of view (picture elements or pixels) corresponding to the 
ground truth site and determining average counts for each band. In 
most cases, the size of the ground truth site limited the sample 
size to between 50 and 100 pixels. 

S192 response in counts per unit of spectral radiance could 
then be determined. 


S^.(X) 




Average counts over ground truth site 

Response for band X = band X (counts) 

R^Tx ( raW/cm-ster-ym) 

Assuming the response was linear, it is the slope of a line 
for counts (0 to 255) versus radiance whose dynamic range was 
determined by the slope and count limits. 

However, this calibration varied with the low-frequency noise 
on the output. To account for this effect, the response determined 
was used to find the equivalent calibration- lamp radiance for each 
band by using the output counts when viewing the calibration lamp 
for each scan line of the ground truth target. 

^ RESPj^ [A, 1. 10] 

where 

ECR^ = equivalent calibration lamp spectral radiance for band 
X (X = 1, 2, 3, ... 12) ■ - 
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RESP^ = response for band X (X = 1, 2, 3, . - . 12) 

CLC^ = average calibration lamp counts for band X 

(X = 1, 2, 3, . . . 12) of the scan lines used in 
obtaining RESP 

A 


This equivalent calibration— lamp spectral radiance is then 
independent of the low-frequency noise and can be used to obtain 
the slope of the calibration curve [counts versus radiance 
(mW/cm^-ster-'Um) ] applicable to a target of interest when the 
calibration lamp coilnts are known, i.e. , 


( Radiance of target of 
Interes 


)= 


ECR^ 


\ 


( Target of 
interest 
calibration | 
counts^ 




/ 


/Target of 
(interest Counts^ 


[A. 1.11] 
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il. USE OF TOTAL LUNAR IMAGE TO DETEilMINE ABSOLUTE RADIOMETRIC RESPONSE 

In the S192 Production Data Processing System defined in PH0-TR524* the 
difference in signal output between a high (bright) and low (black) calibration 
source is used as an internal calibration reference. Thus to calibrate the 
several bands it is necessary to find the difference in radiance between two 
external sources which give rise to the same change in output signal as in gen- 
erated by this internal reference. The mean signals from the moon and space 
have been used in this way. Assuming that the output is linear with radiance, 
one can obtain the calibration constant for band j: 



the mean count output on the high calibration source 
the mean count output on the low calibration source 
the mean count output on the moon 

the mean count output on deep space at the same scan angle 
j indicates the jth band 

In order to make these results compatible with. those_obtained by others 
participating in the S192 performance evaluation, C„ and were taken as the 

mean value of all six recorded values available for ^ach .SDO except for those 

bands with active Automatic Gain Control for which (C„ “ ) was put equal to 

il L 

255. The steps used to obtain values for L and (C - CnJ will be described 

Cj Cj 

in the following subsections. 

THE SPECTRAL RADIANT INTENSITY OF THE MOON 

While there is an extensive literature on the photometry and tadiometry of 
the moon, a search revealed only two programs whose results were relevant. (The 
remaining papers were too limited in spectral coverage, spatial coverage or 
lacked absolute calibration, or more often suffered from two or three of these 


where C„ . is 
Hj 

. is 


C is 

a 


% 


*Philco-Ford Corporation, Earth Resources Production Processing Requirements 
for EREP Sensors, NASA Report No, RH0-TR524 Rev. A, Change 2, Johnson Space 
Center, Houston, Texas, 1974. 
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defects.) The most useful results are those of W. M. Irvine and his co- 
workers** (and a series of earlier papers) . 

This article gives spectral magnitudes atid spectral geometrical albedos for the 
moon as a function of lunar phase angle. Unfortunately the results- only cover 
the spectral region from 0.36pm to 1,063pm. However the region from 0.36pm 
out to 2.50pm is covered by the work of McCord and Johnson***. Over the spec- 
tral region (0.36pm to 1.06pm) common to both ptogtams the results are incon- 
sistent by up to about l0%. Thlsj and inconsistencies between measurements made 
by the Irvine group at different times, are commented on in the referenced 
Irvine paper. The possibility of a variable moon is discussed but discarded, 
and the authors find no firm reason for the discrepancies, further, the McCord 
and Johnson results are not given in absolute radiometric units and were made 
on relatively small areas of the moon, though d. reasonable estimate for the 
entire moon can be made from- the results given. Such an estimate has been used 
here. 


The Irvine results are given in terms of spectral magnitudes and spectral 
geometric albedos together with the change in spectral magnitudes as a function 
of lunar phase. The albedos and the changes in magnitude with phase were used, 
as these two concepts arc well defined in the paper whereas the concept of 
spectral magnitude was not. Since the albedo is a measure of reflectance rather 
than radiation this course involves using a measure of the solar spectral irra- 
diance at the moon derived from some other source. Suitable results for the 
solar irradiance at the moon derived from some other source. Suitable results 
for the solar Irradiance at the mean darth-suti distance are given in the Air 
force Cambridge Research Laboratories katidboak of Geophysics and Space Environ- 
ments*. 

The spectral geometric albedo results from the Irvine paper ate given in 
Figure A.II-1. Superimposed are the results from McCord normalized to fit the 
Irvltie results^ as well as' possible, *fhe Solid line Is a best estimate and re- 
presents the values used. The Scatter of the poltitS suggests that the line 
lies within 10 % of tbe true value arid probably T^itbih 5%. 


**A. F. Lane and M» Itvine , "Monochtamatit Fhase Gutyes and Albedos for the 
Lunar Uise»" Asttonomicai Journal, Voli Wo. 3, April 1973, p. 267. 

***T. k. McCord and V. Johnsoti, “LUiiar Spectral kefledtlylty (0.30 to 2.50 
Microns) j'* Ociehcd, F}0, l69., 20 August 1970, p. 033. 

*0. L, Valley, ed., kandbook of deophyslcs and Spdce finyiroHtiiettts, Air Fotce 
Cambridge keseatck taboratotles, bedford, Massachusetts^ 1963, pp. 16-5. 
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The radiant intensity of the moon is a function of the phase angle (i.e., 
the angle between the lines joining the center of the moon to the observer and 
to the center of the sun). This phase function arises partly from the change 
in projected area of illuminated lunar surface visible to the observer-but to 
a greater extent from the large changes in bidirectional reflectance of the 
lunar surface as a function of illumination and viewing angles. (The bidirec- 
tional reflectance increases dramatically as the phase angle is reduced from 
5° to 0®. It was therefore decided during the planning of the EREP SPE to avoid 
.very small phase angles during lunar calibration passes. Phase angles of about 
15° were in fact used.) 


As explained earlier it was decided to use the (spectral) geometric albedos 
given in Table VIII of the Irvine paper. It is a straightforward procedure 
to apply relative changes of spectral magnitude with lunar phase to these re- 
sults. To obtain the absolute spectral radiance of the moon, solar spectral 
irradiance values at the mean earth-sun distance were taken from the Air Porce 
Cambridge Handbook. The procedures used are outlined below. 

According to Irvine, et al, the geometric albedo p of the full moon is 
given by the relationship: 


log p = 0.4(m^- m^)- log sin a 

where a = the angular radius of the moon at the observer m’s are magnitudes 
defined by: 

m = -2.5 log E' 

Eq = irradiance at the moon due to sun 
E^ =■ irradiance at the earth due to moon 
Substituting in Eq. A.II-1 we obtain 


log p = -log Eq + log E^ 


7 log sin 


2 


cr 


or 


P 


E^ ^itl 0 


A.II-2 
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Now 




Area of Moon 
(Earth-Moon Dist)' 


T - 2 

L^tt sin a 


where is the mean radiance at the mooni 
Substituting in Eq. A.II-2 we obtain 


pE, 

" ir 


O 


It is convenient to consider the unprimed quantities as representing the case 
of zero lunar phase (i.e., full moon) and mean sun-moon distance, and then to 
write 



1 


A. 11-3 


where primes Indicate values at the titne of the lunar calibration period. Then, 
by the inverse square law, we can put 



A.II-4 


where = irradiance due to sun at the medn siln to earth distancd 
Uu) 

B. = mean Stiri to earth distance 

R’ = sun to ttiooii distance at the time of the luhdt calibration 
Then, in order to correct fot phase dhgle variatiott Ata we put 


Anl = in'* 


itl = -2.5 



4-2.5 log 
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or 


p' = p antliog 2^ 


A.II-5 


Substituting Eqs. A. II-4 and A.II~3 into Eq. A.II-3 we obtain 




[fS] 


Rearranging and putting in terras of spectral quantities. 


L 


t 

(AX 



%AX^AX 


antilog 
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Appropriate values fot Am for eactt LC were obtained by Interpolation and 

extrapolation from the results of Irvine* s table Vt Figure A. II— 2 illustrates 

this process for the phase ahgleS of LC 1 and 2j 12°44* and 15'’57' respective- 

* s . 

ly. (The phase angles for 3, 4 and 3 were Intermediate; 13°09', 14“33' 

and 13®18* tteSpectiyely«) It Will be Seen that Sattds 1 through 8 ate well 
coveted by the avdilahle results and that the exttapolatlon to Bands 9 and 10 
seems unlikely to be in serious ertoti BoweVer* fot Bands 11 and 12 a consid- 
erable extrapoiatidti has to be tttade SO the results fOt tbese bands are suspect, 
partieulatiy those for Bhhd i-2* 

Retuttiltig to Eq* is tbe ttiehtl SRettMi tadiatite of the luhar 

disc facing tbe bb^etvet with tbe utiillutiiltiated atea. ihcluded in the avetage. 

All the tetliis oh the tight can be detlySd ftotti the tefetennes cited ot from the 
Asttonotnicai feptiettietides attd the appioptldte EREP Postpass Suratiaty Reports. As 
expialtied, the phase ahgis cottedtioh is fouhd bi^ ihtetpaiatibn ftoM iable v of 
trvinfe*s papeti this howevet teguites d knowledge 6f the phase angle of the 
ttioon at the tiiiiB ol tflaasutetiietltj the phase bf the toobti tefetted tb the center 
of the earth is giveh as a futidtioh of time In Rattuttg*S tunat Ettiphemetis ^ * The 
phase ahgle tefetted to the ERttiAB at the time of the lutiat calihratlbn differed 
ftom this value hy less thati ohe half degree* A relatively elaborate taicuia- 
tioti was used to obtain the ttUe phase angle ho the hedtest Mnute of arc* 
thdiigh lii tehtbspect the addltlohdi acciitacy this gave to. the* phase angle cot- 
tection was hardly neeessaty. 


*Ann 0. Hattuhgj Liinat Epheinetls and Seienogtaphid doordlnates of the Earth and 
Suti for 19!?3 and 19^4* NASA Report no. Scientific and Technical 

InfotiMtion dfficej i^ashitigtoHj btd.j 
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The spectral radiances found using Eq. A.II-6 were weighted hy the spec- 
tral response (R) of the several S192 bands using the formula 


JRidX 




A.II-7 


Here'!’ is the band number and is a series of adjacent wavelength inter- 

vals over which L and R had been tabulated. Generally the AA^ were the in- 


tervals for which the solar irradiance was tabulated in the Air Force Cambridge 
Handbook. However at the longer wavelengths these intervals- become wider than 
the structure of the R. For these, therefore, suitable narrower Intervals were 
selected and interpolation -was used to obtain the necessary values of Eq. This 


particular method of weighting was used to make our results directly comparable 
with terrestrial scene results presented in Flgute 3. 4- 1-1 and Section I of 
this Appendix. 



Figure Cdtrhctioti tor iuttab phase angle. 
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The ' ittput - data .for E^.'-AiII— 7^ was tabulated as illustrated' iii .liable 
A.II-i, The contents of the;, tables were flinched onto "tjaper'. tape arid the 
Integration carried out on the Computer New phase corrections and ranges were 
•calculated for each lunar calibration, punched, ontp a tape used' to correct the 
earlier tape, 'and- a new integra't loii carried out; This Zeroise was also • 
carried out for LC 6 but - the cbiriplications introduced by the large phase angle, 
72”25 ' , and the severe frequency distortion in most Sl92 bands have prevented 
completion of a calibration .for this LC. The resulting estimated lunar radi- 
ances normalized by band may -be seen in Table A.tI-2. 


MEAN SIGNAL LEVELS FROh-THE LUNAR DISK 

* i’ f ' * ’ 

Having obtained the mean radiances of the tnoon it remains to find the cor- 
responding mean Sl92 outputs and calibration levels. 

During each LC the SKYtAB was rotated about an axis parallel to the mid- 
dle of the scan line in such a way that the scan lines moved onto and across 
the moon with about 95% overlap. Thus whett an image of the moon is developed 
in the ordinary xoay from the recorded data the moon appears elongated by about 
20 : 1 . 


Eor each LC a block of data was selected in ^dilch the first scan line was 
about 20 lines in front of the moon and the last one about 20 lines after it, 
as shown in Figure A.II-3. The same section was used from each scan line. 

This was about 250 pixels in length, so that every section started at least 20 
pixels before. the moon. As the diameter of the moon in the scan line direction 
.was about 55 pixels, this left at least 175..pixels of deep, space after the 
trailing edge of the mooli. This was. done so that ' thSr signal overshoot and de- 
cay following the 'moon cpuld'.be taken Into kcfcouttt. As the moon lay approxi- 
mately in the middle of-, the scan Iti each LC the effects of scan line curvature 
'were very small-, and, were -ignbred> -The block of data Selected was processed in 
'the computer .to give, the mean count leVel f bir each column of pixels and also a 
cumulative total to faciliate manual data manipulatlpn. The. mean count value 
for each 'Word of the' high-and loW calibration signals 'was printed out at the 
same time, ' ' 

, In principle' the meati 'coUiit. value- over the' ihoon can be found by multiply- 
ing the .mean cottht value fot.-a block of data' entloslilg the moon by the number 
of pixels, in this block of datk divided by the humbef of pixels failing Inside 
the lunar cltcumferehcei,. ■ Iri. ptadtlcs a series bt uncertainties were 
encountered* f , ' 

- (1) There -is bticeftalftty regarding the extent to which the frequency re- 

sponse- Dt„thc several bands Changes with. the radiance being reviewed. The de- 
tectdrs-used itt'the Sl92 ptbVed tb bk- ribttlltieat * The frequency response of the 
amplifiers wa'e shaped so. that the.-relultltlg detectof-plua-eleetronics frequency 
response waS optimum for- typifcai‘','tefteattial scene ie-vrels and the degraded 
response at other levels kccepted*. .'thus It wad hot surprising when examination 
of plots .of ■ dean lifidS Crushing -the ttiUon.' sbdweds in must bandSi a considerable 
negative ovetshout itiimediately f ullBwing .the. lutiar trailing, edge followed by a 
recovery and then a-' slbW;deda'^'.’’'‘.A- fcypldMi-'biatiipie la shown. In Figure a.ii-4.. 
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TABLE A.II-1.- SAMPLE OF TABLE CONSTRUCTED TO FACILITATE 
CALCULATION OF MEAN LUNAR RADIANCE BY BAND 


Interval 

No. 

A\ 

(um) 

AA 

(Wm'^AX"^) 

^1 


«3 

«4 

to 

^12 


®AA 

21 

0 . 500 - 0.505 

9.80 

0.01 

0.50 

0.93 

0.07 

0 

, 0.116 

0.717 

22 

0 . 505 - 0.510 

9.80 

0.01 

0.43 

0,98 

0.12 

0 

0.117 

0.717 

23 

0 . 510 - 0.515 

9.65 

0.01 . 

0.36 

0.998 

0.21 

0 

0.118 

0,718 

24 

0 . 515 - 0.520 

9.60 

0.01 

0.26 

0.99 

0.33 

0 

0.120 

0.718 

25 

0 . 520 - 0.525 

9.65 

0.01 

0.15 

0.93 

0.56 

0 

0.121 

0.718 


is the relative spectral response of Band i. 

is the lunar albedo extrapolated to zero phase angle. 

fractional correction for phase angle which must be re-entered for each lunar 
calibration. 



TABLE A. 

II-2.- ESTIMATED 
milliwatts 

LUNAR RADIANCE NORMALIZED BY BAND, L 
-2 -1 

cm sr per Bandpass 


KSC* 

LCl 

LC2 

LC3 

LC4 

LC5 


Panel 

12044 ’ 

I5O57' 

13 ° 09 ' 

I 4 O 33 * 

13 ° 18 ’ 

Band 

Radiance 

0.400 X 100 km 0.395 km ’^ 

0.384 km ** 

0.355 km ** 

0.352 km 

1 

0.92 

3,99 

3.70 

4.02 

4.05 

4.19 

2 

1.52 

5.02 

4.65 

5.06 

5.09 

5.27 

3 

2.34 

5.31 

4.93 

5.36 

5.40 

5.58 

a 

3.02 

5.68 

5.27 

5.73 

5.78 

5.97 

5 

4.13 

5.74 

5,34 

5.80 

5.85 

6.04 

6 

5.24 

5.40 

5.03 

5.46 

5.50 

5,69 

7 

6.54 

4.30 

4.02 

4.35 

4.40 

4.54 

8 

6.46 

3.35 

3.16 

3.38 

3.42 

3,53 

9 

. 6.09 

3.07 

2.88 

3.10 

3.15 

3.25 

10 

5,57 

2.78 

2.62 

2.81 

2.86 

2.94 

11 

3.39 

1.62 

1.53 

1.64 

1.67 

1.72 

12 

1.51 

0.74 

0.70 

0.75 

0.76 

0.78 


^Values derived from Optronic Laboratories Letter Report to Mr. Richard Juday/TF3, NASA, 
Johnson Space Center, Houston, Texas, 17 January 1974. 

**Phase angles and sun-moon ranges given are those which existed at the time of each 
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tllilltesd ittvestigatioil t):^ fteqUeiicy response effects bssed on ttie Sl 2 data sug- 
gested tUah ftequeiicy tespotisSj except for Sand 1, was much better for txdtuial 
scetife tadlSttCeS thau fbr the darkness of deep space, Stider these cirbum stances 
the iaggiilg aigttaiS ate an artlfatt of the Systeia iiotllltiearltieS atld Should he . 
excluded ftoni the ttean signal calculated for the moon. 

It) fbliow the t^ay In which this was done refer to figure Akll“3> Ihe 
block of data ftoni scan llneS N to (h + M - 1) and ftoni pixels A to was 
Used* A and A* were the pixel traces judged to overlap the edge of the taooh. 
Ihe total of the oUtpUts fOt each pixel in this rectangle can easily he fotliied 
from the printout referred td above. From this total must be subtracted the 
tfeslduai signals in areas a and b and the residual plus lagging signals in 
areas t. From areas a the contribution of the raw residual signals is removed. 
Fdr hha iiittat area b tesiduai Signals corrected for clipping are removed. For 
areas c corrections fot the lagging lunar signals raUSt be tiade. these correc- 
tions for the lagging lunar signals must be made» these cbtrectiohd Were esti- 
mated by inspection of the printout values fot columns of pixels immediately 
tollotdLng the moon (the region indicated by B) . T«?hile this last is not a Very 
exact procedure, the corrections for area c are typically about 1% of the total 
Count so even an unlikely 30% error in its estimation woilld not be vety 
sign it leant* 

To investigate the size of etrorS which might be introduced by these 
kSfeUmptioHS on frequency response, the mean signals ftoni the tioott were calcu- 
lated from the same computer printouts in an alternative way. TheU the average 
b£ all pixels from A to (n b m - 1) (Figure A. 11-3) was formed > corrected fot 
residual effects by Subtracting the mean of all pixels ftom h to (A-1) * The 
result waS then multiplied by the area of the rectangle bounded by pixels A and 
(tt b ill - i) divided by that of the lunar image to give the mean lunar Signal. 
This was equivalent to assuming that each band has constant frequency response 
and therefore the counts due to the lagging signals following the moon wete 
included in the count* ttoWever, as trill be seen, the diffetettCeS between the 
results given by the two methods are not too significant. 

(^) l)he area of the lunar image was found by inspection from traces of 
scan ilties and pixels crossing orthogonal lunat diameters. Small corrections 
(‘’1%) were made for the areas of the moon, in shadow at the time of observation* 
In the scan line direction this could be done with fair accuracy and checked by 
bomparlsoh with an estimate based on the scanning parameters of the Sl92j and 
fephemerldes and Skylab data from which the size of the moon and the moon-to- 
dkYLAS distance can be determined* The results are believed accurate to iO.23 
pixels or ±1/2%* As the lunar image was always close to the center of a scan 
line and occupied less than 65 pixels, effects of Scan line curvature wete 
small atid have been ignored. 

For the long (piXel-trace) didmetet the situation was awkward due to the 
scan line overlap of about 95%. If the mooii appeared Uniformly bright a pixel 
trace along the long diameter Would appear as a tegular trapezoid atld it WoUld 
be e sttalght=~fotward matter to estimate the length of the lUliar image, tdlich 
is the distance between tbe half -down points of the sloping ends of the fetape'^ 
zoid* AS the brightness of the moon is quite irteguiat howeVetj the ShoUldetS 
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The printout gives the mean count for all pixels in columns n, 
n+1, n+2, .. ..n+m-1 consecutively. Thus the sum of 
these values multiplied by M gives the total of all counts in the 
rectangle of size m x M pixels. 


Figure A.II-3.- Selection of lunar data. 
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Figure A.II-4.- A-trace of averaged scan line centered on lunar 
diameter (LC 1, band 6). 
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of the trapezoid are so poorly defined that it is not possible to determine the 
half-do\Jn points with any accuracy. Consideration was given to solving the 
problem geometrically, hut some fotmidahle coordinate transforms would have 
been required and it appeared that the SKYLAB ephemeris data was too infrequent 
(20-second intervals) to allow unambiguous determination of the SKYLAB rotation 
rate for the 12 to 14 seconds of the observations. However it can be shown 
that the overall length of the trapezoid is related to the true length L by 
the expression 


L = 


1 + e/0 


where 9 = angular width of scan line 

0 = angular diameter of the moon 

This method was used because as 0 is known, 0 can be calculated from 
ephemerides data and can be estimated from appropriate pixel traces to bet™ 

ter than ±0,5%. Again, corrections were made for the shadowed area of the 
moon . 
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III. DETERMINATION OF TRUE MEAN VALUES FROM CLIPPED MEAN VALUES 

One of the S192 performance characteristics j scan related 
system offset, was its response as a function of scan angle to 
zero radiance input. Deep space was used as a scene with 
essentially zero radiance. The digital output of S192 ranged 
from 0 to> 255 counts. For low input radiance values, many 
digital output values were zero. These zero digital values 
corresponded to any input radiance values that were equal to or 
less than the input threshold radiance (0.5 equivalent counts) 
corresponding to the digital output of zero. A mean of the 
output values, some of which are zero, was designated a clipped 
mean, while an undipped, or true, mean was one taken over values 
that were not constrained to be zero or greater. The relation- 
ship between a clipped mean and Its corresponding true mean was 
obtained in the following manner. 

It was assumed that a signal X not constrained to be zero 
or greater has a true mean and Standard deviation of y d, 
respectively, and a Gaussian noise distribution. The relation- 
ship between the clipped mean, and y, 0, and X is given by 



The units are the equivalent counts for the analog signal. The 
integral’s lower limit is 0.5 because the action of the analog- 
to-digltal converter was to set all values of the signal X equal 
to or less than 0.5 equal to zetb» This, expressed for y^ in 

terms of y and a, results in the family of curves Showtl in 
Figure A.IlI-1. 

fey using the figure, given a value of the standard deviation, 
cr, it Was possible to convert clipped mean values, y^, td true 

mean values j y> and thereby detetinitle the S192 response to a zero- 
radiance scene. 
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Figure A.III-1,- Correction curves for clipped mean values. 
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iV. DETERMINATION OF' RESPONSE VERSUS SCAN ANGLE CORRECTIONS METHOD FOR BANDS 1 


THROUGH 12 

To correct raw S192 outputs for scan angle effects an additive and a mul- 
tiplicative effect are required. These are defined in PHO-TR524* by an equa- 
tion of the fom 



= R. .[C.. 
• il 3.J 


Z.. 



where 1 is the band number 


A.IV-1 


j is the pixel number 
C,, are raw data in counts 

y 

Cl, are the corrected data in counts 
ij 

is the average count value for the Low Calibration Source 

R^j is referred to as the Response vs Scan Angle function and is re- 
ferred to as the Residual Effect . In an ideal system they would be identically 
unity and zero respectively. In practice they are not and must be found 
experimentally. 

Z can be found easily by viewing a black scene for ichich C is zero so 

that 



A.IV-2 


Before launch a test panel in total darkness was used. In orbit, deep 
space viewed during the lunar calibration (LG) periods provided an ideal scene 
for this purpose- Tapes of raw data were obtained for each LC. Usually one 
sample before and one after the moon were used, both being spaced as far from 
the moon as possible, using available data. 

However a major problem arose in using this data, in that the S192 digital 
system translates negative numbers as zeros. Thus the noise and negative val- 
ues occurring in the residual signals cause many negative output values to be 
recorded as zeros. As a result each pixel value in an averaged scan line tends 
to be offset by this clipping of the negative values. The method described in 
Section III of this Appendix was used to "unclip" the clipped values. 


*Philco-Ford Corporation, Earth Resources Production Processing Require- 
ments for EREP Sensors, NASA* Report No; PHO— TR524 Rev. A, Change 2, Johnson 
Space Center, Houston, Texas, 1974. 
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A computer progtam was written which implemelited the "uncllpping" scheme 
on a pixel by pixel basis. All the JrfesUltS given here have been corrected us- 
ing this ’’uncllpping" program. 

Having found Z using Eq, A.II-2, H can then be found using data ftoln a 
uniform scene, for ^Ich C is constant. 

To obtain results for flight conditions, S192 screening films were search- 
ed for uniform or at least homogeneous scenes. These proved' more difficult to 
find than had been expected. Most of the data Used was of agricultural areas 
which appeared homogeneous, though inspection of avetaged scan lines formed 
from this data led us to reject some samples. In the rejected samples the 
averaged scan lines appeared much less smooth than those generated from pre- 
launch data, A few ocean scenes were used for Bands 1 through 5 . Unfortu- 
nately these scenes, though often appearing highly uniform, give outputs which 
are too low to be of any value for Bands 6 through 12 . One desert and one 
cloud scene were used but otherwise such scenes Were never uniform on the scale 
(40 miles) required. In some scenes an apparent scan atigle effect may occur 
due to changes in the bidirectional re£lectance of the scene as the azimuth of 
the viewing anglfe changes throughout the scene . To reduce the effects of 
gradients introduced ill this way bt by othet scene anomalies, the results for 
several scenes were Used. 

In the Use of Eqj A»tV-*l in this waj^ the scale of tJ' is defined, by putting 
the average Value of ei^ual to unity* Avetaged cutves fot tt and z were 

formed tot each miesibh ot mission section when a change in the system config- 
utatiott of the ittstruttient hade this desirable. ^hCMe ayeraged curves wete then 
fitted by least SquateS techtliqucSj by Si^tth order poioynOmaialS) or for some 
of the z’Si by two sUch pbloyttomlals pieced together to give a smooth junction 
between the twd patts ot the curUe. GUtve fitting in this Way proved a satis- 
factory way of fettioothlng the noise and staail- scene artifacts left after the 
averaging ptoceSeea described above. 

METHOt) •“ SAito 13 

AS hxpialtied previously deep space datd can be used Iti a straightforward 
way to obtain residual effects results (Z.) for the visible ttear-lh. Bands 1 
through 11. 

Untorfcunatelyj for Band 13 this cannot be done as the low end of the re- 
corded dynamic range corresponds to a radiance high ehoUgh that the deep space 
data is completely clipped. 

Enpiaihed below is the alternative method which haS' been Used with Band 13 
flight data to obtain.' estimates of the Ccan response function and residual 
effects corredtibh. 
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As explained previously the scale of R is fixed by normalizing R^^ so that 
for each Band (i) , Cl/Rj) is unity. Thus by averaging Eq A.IV-1 over j we can 
write for a uniform scene 




Substituting back into Eq. A.IV-1 gives 

C . - Z . - = R. [C. - a - Z.] 

3 3 1 3 3 1 J . 


A.IV-3 


A.IV-4 


where we have dropped the subscript i as we are only considering Band 13. 

_ Then if we have data from two uniform scenes with significantly different 
Cj as denoted by subscripts 1 and 2, we can rewrite Eq. A.IV-4 as a pair of 

simultaneous equations. 


"Ij 


"j - “iL ■ - <=1L - 


Sj - - Zj] 


A.IV-5 

A.rv-6 


Subtracting and rearranging we obtain 


^11 ^21 “ *^11 ^ 2 L 

^Ij “ ^2j " *^2L 


A.IV-7 


which gives R^ in terms of quantities which can readily he derived from the 
data. As R^ is now known We can. rearrange Eq. A. IV— 5 to give.Z thus 


Z 


j 



^IL “ Rj 






R 


J 


A.lV-8 


The terms in Eqi A*lV-8 are known fekCfept fot Z. Inspection of Sections 
5. 3. 9.1 and 5. 3 .9. 2 b£ PH0-TR524 showS that the origin of the C' scale fot 
Band l3 must be selected so that scene elements fot which C* = 0 have the same 
radiance as the low calibration source. 


Thus we must have 
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where = a constant ^ich determines the scale of C’ 
. = radiance of scene element j 
. = radiance of the low calibration source 

J_i 

Combining this with Eq, A.IV-1 we obtain 


i 


R 




1 - " kf + ^ 


For uniform scenes we can average over j obtaining 


A.IV-10 






A,IV-11 


Thus we see that if data from uniform scenes of known radiance are used to find 
it will not be possible to separate it from the constant term in 

Eq. A.IV-11, viz: 




+ L 


L 


Thus if Band 13 is to he calibrated in this way we are free to assign any 
value we may choose to , We have chosen to assign the value zero to Z^ part- 
ly for convenience and partly because in the abscence of a valid calibration 
this is the most probable value for this constant, as in an ideal sannef Z^ 

would be aero for all j . 


In practice we used the scene (or an average of two scenes) Djhich appeared 
to be most uniform in Band 13 as scene 1 and derived Rj using this together 

with each of the remaining scenes. The average for each j of the found in 

this way was then formed and plotted as the best available values of R^ and 

was also used with the scene data to give with the assumption Z^ = 0. 


We can however demonstrate that Eq. A.IV-3 provides an accurate descrip- 
tion of the way a thermal scanner actually operates and thereby find a value 
for in terms of system parameters. 

For such a scanner a non-^iniform scan angle response implies that the op- 
tical transmission is a function of scan angle. However, when the transmission 
is less than unity the optics must have emissivity and/or reflectivity in 
complement : 


t + r -b e = 1 
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where t = transmissivity 
r = reflectivity 
e = emissivity 

Thus assuming that the S192 optics and its surroundings have a uniform tempera- 
ture T we can write the apparent radiance of the scene as modified by the op- 
tical train 


L = tig + (r + e)P(T) 

where Lg is the scene spectral radiance Integrated over Band 13 and P(T) is the 

corresponding radiance of a black body with a temperature T . If the system is 
not at uniform temperature we can find an effective for each scan angle pro- 
vided the temperature distribution does not change with time. 

Adding the subscript j to those terms which may be dependent on scan 
angle, adding a term E. for electro-magnetic pick up, and using Eq. A.lV— 12 we 
obtain ^ 




A. 17-13 


is thus the radiance presented "to the detector when the scanner views 

the scene. If is the radiance presented to the detector when the scanner 

views the cold black body used as the Internal AOC reference and assuming that 
the detector is linear we have- 


°3 - h - 


A.IV-14 


where ^2 ® constant to he determined experimentally. Substituting from 

Eq. A. 17-13 we obtain 


C, - C = k„tt.L„. + (1 - t.)P. + E. - Li] 
JL2jSj 

Substituting in Eq. A.IV-9 gives 


A. 17-15 


^- 0 , 

k. 


— C C * 


Rearranging, we obtain 

k. ( 


c: = 




C, 


. -C^-k,t(l-tj)P^d-E^-Li-bt^L] 


A. 17-16 
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This equation is identical in form to Eq. A.IV~1 indicating that Eq. 

A.IV— 1 is valid for band 13 provided the temperature distribution and optical 
constants of the scanner optics and their surroundings do not change. By com- 
paring coefficients we see that ' 


■ 3 



A.IV-17 


and 

- t^)Pj + Ej - + t^L] 


A.IV-18 


While these equations give physical meanings- to and they do not pro- 
vide means for determining these parameters as several of the terms are unknown 
in practice. 


Thus we are unable to determine the true value of Z . . As demonstrated 

- 3 

this is of no moment if an external calibration can be carried out. _Putt±ng 
estimated values into the righthand side of Eq. A.IV-18 we obtained =2.6 


counts. However, in doing this it became apparent that this effect was caused 
by the finite emittance of the primary and secondary minors. In fact, the PDF 
system makes corrections for this effect when the raw data is converted to 

radiometric units. Thus, in the absence of an external calibration, Z. = 0 is 

3 

the best estimate we can use for such data. However gradients In transmis- 
sivity and emissivity across the optics may produce errors of a few counts. 
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V. DETERMINATION OE FREQUENCY RESPONSE AND OFF-AXIS REJECTION 

Data gathered by S192 when scanning the moon and surrounding 
deep space were, used in determining two sensor performance 
characteristics. The sharp radiance cutoff at the edge of the 
moon was used to determine system spatial frequency response. The 
relatively small solid angle subtended by the moon approximated 
the ideal point source required to check off-axis rejection, which 
is a measure of system sensitivity to undesired light scattering 
or reflecting from S192 surfaces. 

A. Frequency Response 

A measure of a system's frequency response is- its modulation 
transfer function (MTF) , which is the amplitude of the output sine 
wave divided by the amplitude of the corresponding input sine wave. 
The MTF is normalized so that its numerical value is one at zero 
frequency. : 

One method used to determine a system’s MTF is based on its 
response to an input step function, which instantaneously changes 
from one constant value to another. Such step .function inputs for 
S192 were approximated during each of the six lunar passes. First, 
as the S192 scanned from deep space past the leading edge of the 
moon, and again, in the opposite sense, as the scan went off the 
trailing edge of the moon and returned to deep space. Because the 
surface of the moon is not Uniform in radiance, its trailing edge 
provided a more suitable step function’ for determining MTF than 
the leading edge. 

The image of the moon produced by S192 was a very elongated 
ellipse because the along-track motion of the S192 field of view 
was too slow to provide an accurate reconstruction of the lunar 
image. Because of this characteristic, an average scan line could 
be obtained from 100 consecutive scan lines chosen so that the 
moon's trailing edge occurred at essentially the same point in 
each of them. The scanner output averages from deep space were 
corrected for clipping as described itl Section III of this 
appendix. 

The MTF was obtaiiled from the average scan line by first 
taking its derivative with respect to scan Angle* then a fast 
Fourier transform Of the negative of this derivative, and finally 
normalizing the transform to one at zero frequency. 
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B. Off-Axis Reiection 

Off-axis rejection is the rejection of undesired light 
scattering or reflecting from S192 surfaces. It was checked by 
looking for the presence of a ghost or halo near the edge of the 
moon. 

• Two edge geometries were examined. The first was the leading 
edge .of the moon, as discussed in subsection V.A, One hundred 
consecutive scan lines were averaged, pixel by pixel, along the 
flight path to determine an average scan line. A plot of these 
averages as a function of scan angle revealed the presence or 
absence of a ghost or halo near this edge of the moon. The other 
lunar edge considered was that encountered when the moon first 
appeared in the scan, or, in other words, at 90° to the first edge. 
In this case, 10 consecutive output values centered on the moon 
were averaged. These averages were determined for consecutive scan 
lines, starting when Sl92 scanned only deep space and ending when 
the scan was well into the moon. A plot of these averages as a 
function of scan line revealed the presence or absence of a ghost 
or halo near this edge of the moon. 
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VI. USE OF POWER SPECTRAL DENSITY PLOTS FOR NOISE EVALUATION 


One noise characteristic of concern in S192 data was the noise 
frequency distribution as represented by power spectral density 
plots. Let X(t) represent the S192 output as a function of time 
when scanning a uniform scene. If X(t) is thought of. as a voltage 
applied to a unit resistor, the average noise power P during the 
time interval from t = 0 to T would be 



dt 


[A.VI.l] 


While P would have provided a measure of the noise in the S192 
output, it was more useful to determine the power spectral density 
S(f), where f denotes frequency. S(f) was found by squaring the 

th 

absolute value of the f Fourier component of S(t), i.e., 

[A. VI. 2] 

where 

1 = sPI 

e = natural log base 

f = where n = 0, ±1, ±2, i . , ±“ 

S(f) = power associated with the component of noise whose 
frequency is f. 

P and S (f ) are related by 


S(f) = 


If 


j27Tft 


[X(t) - X] dt 



[A. VI. 3] 
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The usefulness of the power spectral density, S(f), stemmed 
from this relationship in that it provided the frequency 
distribution of the total noise power, P. 

It should he noted that false peaks were introduced into the 
power spectral density plots by the periodic interruptions in the 
values for X(t) caused by the instrument scanning characteristics. 
X(t) was only known for that third of the time when the scan was 
actually occurring. These bogus peaks must be discounted when 
evaluating the power spectral density plots. 
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VII. DETERMINATION OF GEOMETRIC DISTORTION 

Analysis of S192 geometric distortion used a three-dimensional 
mathematical model, based on the geometry of the S192 dynamic data 
acquisition system. The model- performed absolute spatial 
registration of the S192 data. - The theory and the mathematical 
details of the data reduction techniques are given in LEC/ASD 
Technical Report "Absolute Spatial Registration of the Skylab S192 ■ 
Conical Scanner Imagery .by Means of Dynamic Modeling" , August 1973 
(LEG #0801) . An "S192" computer program in FORTRAN V source 
language was developed and used for data reduction in accordance 
with the theory given in LEG #0801 for the S192 sensor geometric 
performance evaluation. The procedure is given below. 

A set of topographic detail points were selected on topographic 
.maps (1:250,000 or larger scale) and also loca'ted on the S192 
digital image display of the scene being evaluated. The map 
provided the object space coordinates (geographic, geocentric, 
geodetic, or local vertical) of these points; whereas, the digital 
display provided the scan line and sample number counts to. locate 
the same points. The line .and sample counts were converted to 
elapsed time relative to a predefined reference time and were used 
to obtain the scan direction in the S192 image coordinate system. 

For each topographic detail point, two observational equations, 
one each for X and Y coordinates , were then established by the 
mathematical model, which was based oh collinearity between the 
scan direction and the vector defined by the scanner location and 
ground point being scanned. 

Additional observational equations were written for each of 
the parameters being solved for by using previous knowledge of the 
parameters. A weighted least squares solution resulted in the best 
fit between the set of points in the imagery and on the ground, 
which resulted .in residuals (AX, AY) in the X and Y coordinates of 
the points used in the solution. Residuals, were also computed at 
several check points over the entire scene. 

Salient features of the mathematical model and the data 
reduction technique included: , 

1) , The earth was considered an ellipsoid of revolution. 

(Fishers’; Major .axis = 6,378,166.00 meters, 

Minor axis = 6,356,784.28 meters) 

2) The rotation of the earth was accounted for. 
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3) Solution for the parameters for absolute registration of 
data was based on a rigorous least squares method. There 
were 18 parameters solved for: 

a) Position vector (X, Y, Z) of the sensor at the 
reference time for a 'frame of Pdata— take"; 

• * • 

b) Velocity vector (X, Y, Z) of the sensor at that time; 


c) Acceleration vector (X, Y, Z) of the sensor at that 
time; 

d) Attitude vector (W, K.) of the sensor at that time; 

• • • 

e; Rotational velocity vector (W, K) of the sensor at 
that time; 

f) Rotational acceleration vector (W, (f), K) of the sensor 
at that time. 

4) The SKYBET (Skylab Best-Estimate Trajectory) information 
was used to approximate initial values of the parameters 
in the solution, and in the formation of observational 
equations from previous knowledge of the parameters, while 
solving for these by the method of weighted least squares. 
However, the solution did not depend on SKYBET information, 
but used it only for an initial approximation of the 
parameters. 

. 5) The mathematical model considered the elevations of the 

control points, which provided a means to consider terrain 
topography In resampling to generate a registered data 
tape. As an extension of the sensor performance 
evaluation, the technique can be used to generate a 
registered data tape of a scene. 

6) Assuming no abrupt discontinuity (due to thrust) in Skylab 
Cot sensor) ftiotion defined ty the parataetets, the limit- 
ation Of the mathetoatital Inddel wdd the length of the time 
Slice for which data could be registered. However, 
toodificatiohs could be made in the mathematical model to 
consider any desired time slice of data. 

The following products were needed to ptepare input data for 
the computer tUli to solve the parameters of the mathematical model 
for registration of fel92 acahtiet data: 
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1) A computer- compatible digital tape to display a selected 
band (band 7 or 8) that gives the best topographic 
details in a scene; 

2) A hard copy of the scene from the Data Analysis Station 
(DAS) of NASA, Houston, Texas, with an overlay grid of 
100 lines X 100 samples over the scene. This product 
was used to obtain scan line and sample number counts 
to locate a topographic detail in the scene; 

3) Topographic maps at 1:250,000 or large scale for the 
scene. Geographic coordinates of the selected 
topographic detail points were obtained; 

4) Relevant SKYBET information needed in the solution. 
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VIII. USE OF LAKES AS THERMAL CALIBRATION TARGETS 

The use of lakes as infrared calibration targets for the 
thermal band was especially useful because for measurements made 
at normal incidence their emisslvity is greater than 0,98 over 
most of the spectral region. Figures A.VIII-1 and A.VIII-2 show 
that the emlssivlty remains high and the reflectivity low at 
incident angles up to 60°. 

For lakes viewed by Sky lab, the radiometric surface 
temperatures were measured using a PRT-5 radiation thermometer. 

When viewing any target less than 4000 meters above sea 
level (99% of all targets) corrections for atmospheric absorption 
and re-emission must be made at wavelengths longer than 0.82 
micrometers. Therefore, a correction for atmospheric constituent 
absorption was made. 

Atmospheric transmission was calculated using a computer 
program developed by R. F. Calfee, NOAA, Boulder, Colorado. This 
program calculated atmospheric transmission by dividing the 
atmosphere into layers. The required- Inputs are average 
temperature, atmospheric pressure, and total water content 'for 
each layer. These Inputs for most Sl92 targets were derived from 
temperature/humidity profiles measured with radiosondes that were 
balloon launched or dropped from a helicopter at the time of 
Skylab overflight. These radiosonde data were supplemented by 
adjacent NOAA network radiosonde data. The NOAA data, as well as 
the ground-truth team's radiosonde data, were then plotted on 
skew T log P diagrams. The gfound- truth radiosonde data were 
most heavily weighted In the metedrolDglcal analysis petformed to 
arrive at a '’composite" watet-vapot temper attire profile for a 
particular Skylab observation, but weather features such as cold 
fronts were also taken into account in developing the ''composite" 
curves. The atmosphere was then divided into convenient layers 
based on the "compbSite" profile i Water amounts and representa- 
tive temperatures were then selected for each layer. 

The layer tfetaperature j water amount, and layer thicknesses 
were used as Input parameters td the Calfee atmospheric 
transtaissidtt program, wiiieli uses the “dompressed line" data* but 


^ R. McClatdhy et.ai. i APdRl Atmospherld Absurptlen Line Parameter 
Compilation , APcfeL finvlroumental Research Laboratory Publication 
Number 434 4 fied td, Msssachusetts. 

R. dalfee & R. SehwelsoWi Nu Avarafeed Infrared Ahsorntlon 
Coefficlehta 6£ Water Vapor , hoAA Technical Report ifERL 274-WPL24, 
Boulder, Colorado. ■ - 
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did not take into account the magnitude of radiation from the 
target nor the upwelling radiance from each layer. The Calfee 
program was therefore modified according to the following 
equation, as Illustrated in Figure A.VIII-3: 


R. 


where 




n 


n 


(Ti - 1) 

Tn- 


Bi + - Ti) B2 Tl + . . . 

T \ B T + B T 
n- 1 ) n n - 1 t n 


radiance above atmosphere at a particular wavelength, X 

blackbody radiance of nth layer (starting at the top 
atmosphere layer) 

blackbody radiance of target 

transmission from space through nth layer. 



Figure AiVlII-B*- Upwelling radiance calculation. 


the radiance at the spacecraft was then adjusted for the 
thermal-band bpecttal sensitivity by the technique described for 
bands 1 through 12 in Section 1 of this appendix* 

The radiances of the two temperature calibration sources were 
also adjusted fot tbe thethiai-batid Spectral sensitivity. These two 
caiibratioti Source radiances plotted versus their respective S192 
output counts defined a straight line that was the thermal-band 
calibration line. The devlatioti from this calibration line of the 
point resulting frotn the radiance computed above and the correspond- 
ing observed S152 output counts was used as a measure of the 
accuracy of the calibration. 
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